
 

 

 

 

Faculty of Science and Technology 

Department of Chemistry 

Structural characterisation and drug-lipid interaction  
by NMR spectroscopy  
 
Fredrik Garnås Rylandsholm 

A dissertation for the degree of Philosophiae Doctor                                                                           June 2024 







I 
 

 

 

 

 

 

 

 

That’s the trouble with science. It’s never done. Always upending itself. 

Ruining perfect systems for the little inconvenience of them being wrong. 

- Zahel to Kaladin, Rhythm of War chapter 15 by Brandon Sanderson 
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Abstract 
Since the discovery of antimicrobial agents and the extensive use in infection treatment and 

prevention, antimicrobial resistance (AMR) has become a rapidly increasing problem. The 

World health organisation (WHO) surveys a wide range of human pathogens, including 

several multi-resistant pathogens causing infections with high morbidity and mortality. 

Emphasising the urgency of new treatment strategies, is the fact that WHO estimates that by 

2050, antibiotic resistance will surpass deaths due to cancer, with up to 10 million people 

dying each year. There is a sore need for new alternatives and strategies. One prominent 

alternative is antimicrobial peptides (AMPs). AMPs are an integral part of life, as host-

defence peptides, and are found in all domains of life. Bacteria have lower chance of 

developing resistance against AMPs, partially because of their diverse modes-of-action. This 

is therefore a promising strategy to prolong the potential usage of AMPs in future therapy. 

Since the discovery of AMPs, there has been extensive work revealing their modes-of-action 

and connections between structure and effect. As they are a diverse group of molecules, and 

their targets are even more complicated, there are still many things that are not yet fully 

understood. Expanding our knowledge regarding AMP-target interactions, future research can 

potentially resolve the emerging challenges in infection control and treatment, broadening the 

currently available treatment options. 

In this dissertation for the degree of philosophiae doctor, this work focuses on both refining 

methodological approaches and generating a new understanding about selected AMPs. Efforts 

towards developing a robust platform for further investigation of AMPs looking for 

complementary agents to antibiotics or adjuvating strategies to aid for more effective 

antibiotic treatment strategies have been initiated. For that purpose, finetuned instrumental 

approaches are crucial for driving our research further in this field and uncovering new 

knowledge.  

NMR spectroscopy is an information-rich and versatile tool, that is already widely used to 

investigate intricate peptide-membrane interactions. However, observations were made about 

possible improvements to study and develop methods to investigate the interaction between 

peptides and membranes, including their binding to and conformational changes in contact 

with lipid membranes. Self-aligning SMA-QA nanodiscs showed signs of bound peptide at 

even natural abundance, though isotope labelling will be necessary to properly study the 

peptides. As part of this effort, microscale thermophoresis was used in tandem as a low-
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threshold method to investigate peptide interactions with different membrane models. Results 

showed that positively charged SMA-QA nanodiscs are good membrane models for cationic 

AMPs, that yield results comparable to more labour-intensive methods such as surface 

plasmon resonance.  

Finally, both standard NMR techniques and anisotropic NMR procedures were used to 

elucidate the structure of a new natural product, Commafric A, and investigate the 

conformational changes of five cyclic tetrapeptides with an unusual α,α‐disubstituted β2,2-

amino acid depending on their primary structure, and five cyclic hexapeptides in gradually 

more lipophilic environments. Even with widely different antimicrobial effects, the backbone 

conformations did not change significantly between the peptides, indicating that antimicrobial 

effect is affected primarily by amino acid composition, rather than peptide conformation. 

  



X 
 

Sammendrag  
Siden antimikrobielle agenter først ble oppdaget og etter lang tids overforbruk i behandling og 

forebygging av infeksjoner har antibiotikaresistens blitt et økende problem. Verdens 

helseorganisasjon (WHO) holder allerede øye med en rekke menneskelige patogener, 

inkludert flere multiresistente bakterier som fører til høy sykdomsfremkomst og dødelighet. 

Noe som understreker alvorligheten i situasjonen er det faktum at WHO estimerer at innen 

2050 vil antibiotikaresistens forårsake flere årlige dødsfall enn kreft, med opptil 10 millioner 

mennesker som dør hvert år. Det er et sårt behov for nye alternativer og strategier. Et 

fremtredende alternativ er antimikrobielle peptider (AMP). AMP er allerede en viktig basis 

for liv, som vert-beskyttelsespeptider, og finnes i alle livets domener. Bakterier har en 

generelt lavere sjanse for å utvikle resistens mot AMP, delvis på grunn av hvordan peptider 

interagerer med bakterier. Dette er derfor en lovende strategi for å forlenge bruk av AMP i 

fremtidig terapi. Siden AMP først ble oppdaget har det vært gjort mye arbeid for å forstå 

virkemåten deres og sammensetningen mellom struktur og effekt. Da de er en sammensatt 

gruppe molekyler, med enda mer kompliserte biologiske mål, er det fremdeles mye som ikke 

er fullstendig forstått. Ved å utvide forståelsen vår rundt interaksjoner mellom AMP og 

biologiske mål kan fremtidig forskning løse den kommende utfordringen rundt 

infeksjonskontroll og behandling, og utvide de behandlingsmåtene vi har tilgjengelig i dag. 

I denne avhandlingen for graden philosopiae doctor har arbeidet fokusert på å videreutvikle 

metodiske tilnærminger og frembringe en ny forståelse rundt utvalgte AMP. Dette er en del av 

en pågående innsats for å utvikle en plattform som kan bli brukt i videre arbeid mot å finne 

komplementære agenter til antibiotika eller subsidierende strategier som kan brukes til mer 

effektive antimikrobielle behandlingsstrategier. For det formålet er fininnstilte instrumentelle 

tilnærmelser uhyre viktig for å drive forskning videre i dette feltet og avdekke ny viten. 

NMR spektroskopi er et mangfoldig verktøy som gir mye informasjon og som allerede er 

brukt til mange formål for å utforske intrikate interaksjoner mellom peptider og membraner. 

Observasjoner ble gjort om mulige forbedringer for å studere og videreutvikle metoder til å 

etterforske disse interaksjonene mellom peptider og membraner, inkludert binding og 

konformasjonelle endringer i kontakt med lipidmembraner. SMA-QA nanodisker som retter 

seg inn av seg selv i magnetiske felt viste spor av bundet peptid selv ved naturlig 

isotopmengde, men isotopmerking er nødvendig for å kunne studere peptidene fullstendig. 

Som en del av dette arbeidet ble mikroskala termodiffusjon brukt i tandem som en lavterskel-
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teknikk til å undersøke interaksjonen mellom peptider og ulike membranmodeller. 

Resultatene viste at de positivt ladede SMA-QA nanodiskene er gode membranmodeller for 

kationiske AMP, og viser sammenliknbare resultater til mer arbeidsintensive metoder som 

overflateplasmonresonans. 

Både standard NMR teknikker og anisotropiske NMR prosedyrer ble brukt for å kartlegge 

strukturen av et nytt naturprodukt, Commafric A, og utforske konformasjonelle endringer i 

fem sykliske tetrapeptider med en uvanlig α,α‐disubstituert β2,2-aminosyre på bakgrunn av 

primærstrukturen deres, og fem sykliske heksapeptider i gradvis mer lipofile miljøer. Selv 

med sterkt varierende antimikrobielle effekter, viste det seg at konformasjonen av ryggraden 

ikke endret seg mye mellom de ulike peptidene, noe som indikerer at antimikrobiell effekt 

primært er avhengig av komposisjonen av aminosyrer, heller enn peptidenes konformasjon. 
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1. Introduction 
 

1.1 From wonder drug to antimicrobial resistance crisis 

The serendipitous discovery of penicillin by Alexander Flemming in 1928 was one of the 

great breakthroughs in modern medicine.2, 3  A drug that killed bacteria with this level of 

efficacy, without being toxic to the host, revolutionised infection treatment, and expanded the 

treatment range considerably. The overall morbidity and mortality of infections were greatly 

reduced to those who could be treated with penicillin. However, only small quantities of 

penicillin were available at any time, as production was slow and did not yield any large 

amounts. Consequently, extended or even limited clinical use was not yet possible.  During  

the second world war, governments funded great investments into medical research: Oxford 

scientists led by Howard Florey and Ernst Chain together with the US army found out that 

Penicillin could be mass produced in big vats with agitation and air bubbling through.4, 5 This 

upscaling of penicillin production, coupled with the discovery of streptomycin, was the 

beginning of an optimistic period for antimicrobial discovery, that would later be labelled as  

“the Golden Era”, lasting from 1945 to 1963.6, 7 In fact, about half of the antibiotics that were 

used well into the 2000s were discovered between 1950 and 1960.8 

This great advancement was not to last. Fleming stated already in his Nobel prize acceptance 

lecture in 1945 that he had observed antimicrobial resistance (AMR) in samples in his lab.2 

He observed that Penicillin is not toxic to the host in any way, meaning that it is not possible 

to administer a harmful or lethal dose. On the contrary, the danger comes in making the dose 

too low: Then the Penicillin does not kill off all the bacteria, and the surviving bacteria 

instead develop modes of resistance against the antibiotics. While there were growing 

concerns of AMR in the years leading up to 1981, no real action was taken to prevent it.6 

Antibiotics were both widely used in agriculture as a growth promotor, and overused in 

human healthcare.  

There are estimates that suggests that microorganisms have been producing antibiotics for as 

long as 2 billion years.9 The two main hypotheses as to their original function are secondary 

metabolites as biological weapons when fighting for space and nutrition, and signalling 

molecules.10-12 The concentrations of antibiotics found in nature are often too low to have any 
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antibacterial effect,13 but have been shown to affect the global transcription patterns,14, 15  

regulate the expression of genes associated with virulence,16-18 induce the SOS response in 

bacteria,19, 20 and play a role in quorum sensing and host-parasite interactions.18, 21, 22 

Additionally, it is a major driver for horizontal gene transfer, sharing resistance mechanisms 

in bacteria to increase survival.23-25 

Antimicrobial resistance is an outcome of evolution, and does not require pre-exposure of 

microorganisms to antimicrobials to emerge.11 In fact, multiple genes for antimicrobial 

resistance have been isolated from 30,000 year old permafrost samples.26 The rapid 

emergence of resistance in clinical settings is consistent with the hypothesis that the microbes 

already has pathways for resistance that they are able to select from. In accordance with this, 

antimicrobial resistance would sometimes be observed as soon as a new antimicrobial was 

discovered, or within only 2-3 years.7-9, 27-30 Resistance to penicillin was observed years 

before it became commercially available,28 and treatment failure in clinical settings due to 

resistance to penicillin treatment was reported only a year after introduction into the market.29 

Especially beta-lactams were hindered by rapid evolution of beta lactamases only a short time 

after the broad introduction of penicillin. Resistance against methicillin predates clinical use 

of penicillin.30 In summation, antimicrobial resistance is a naturally occurring phenomenon, 

but human overconsumption is increasing the rate at which it is expressed. 

The world started to realise AMR as an emerging challenge, and from around 1992 AMR has 

gained increased awareness, being seen as a global issue on the level with global warming.6 

Unfortunately, no new breakthroughs have happened in antimicrobial discovery since 1987.7 

This is due to a number of factors: antibiotic research is costly, takes time, and antibiotics 

have  a high risk of resistance developing shortly after new drugs become available. New 

antibiotics are kept off the market, to be used only on more extreme cases, leading to 

pharmaceutical companies focusing their time and money on developing and producing other 

drugs that yield a higher profit. As a response to this hesitation from the pharmaceutical 

industry, several public-private and even pharmaceutical initiatives are funding research 

institutions and pharmaceutical companies to continue searching, or even reusing old drugs in 

new ways.31-37 

Drug development is both time consuming and exceedingly expensive. The development of a 

new antibiotic is estimated to take somewhere between 10 and 20 years, costing more than 1.5 
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billion USD.38 There are currently 26 antimicrobial drugs in phase-I development, 25 in 

phase-II, and 11 in phase-III.31 62% of the compounds in phase-I and 56% in phase-II are new 

pharmacophores, some of them with new modes-of-action, hopefully meaning that they are 

less likely to encounter cross-species AMR. Only two new small molecule antimicrobial 

drugs were approved between 2020 and 2022: the fluorquinolone levonadifloxacin and its 

prodrug in India in 2020, and the oxazolidinone contezolid in China in 2021. External funding 

is essential to make sure that new antimicrobials reach and stay in the market.39 

Introducing a drug to the market is not a guarantee for the company’s success: The 

biopharmaceutical company Achaogen was forced to file for bankruptcy in 2019, less than a 

year after the FDA approved their antibiotic plazomicin.40, 41 Another company, Melinta, that 

has successfully developed four antibiotics and released them to the market filed for 

bankruptcy later the same year.42, 43 Both because their income was not enough to pay for the 

large expenses they had used to develop and test the drugs. 

In 2019, infections caused by AMR bacteria was the third biggest cause of death worldwide.44 

Especially six pathogens, designated as the ESKAPE pathogens by the World Health 

Organisation (WHO), are being closely monitored: Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumonia, Acinetobacter baumannii, Pseudomonas aeruginosa, and 

Escherichia coli.45, 46  They are all multi-drug resistant and should be considered high priority 

when working on development of new antibiotics.46 The ESKAPE bacteria was the cause of 

approximately 73% of the AMR-caused deaths in 2019.44 WHO estimates that by 2050, 

antimicrobial resistance will surpass even cancer in yearly causes of death, with up to 10 

million people dying every year.47 Something that, in turn, is estimated to cost the world up to 

100 trillion USD in lost work force. If researchers do not find a way to tackle AMR, the world 

will soon be a very different place. Medical procedures that are considered routine today, such 

as organ transplants, chemotherapy, or treatment of preterm infants, will be impossible to 

perform without antibiotics.6 
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1.2 Antimicrobial peptides 

The field of antimicrobial peptide (AMP) research began in earnest with the discovery of 

cecropin A and B as part of the humoral immune system of moths (Hyalophora cecropia) in 

the early 1980s.48 It was discovered that the two new AMPs had a broad spectrum activity 

(works against a wide variety of microorganisms49) against Gram-positive and Gram-negative 

bacteria, and fungi. Following that discovery, several new groups of AMPs were discovered: 

sarcotoxins from fly larvae (Sarcophaga peregrina),50 defensins from mammalian 

macrophages,51, 52 and magainins from frog skin (Xenopus laevis).52 

While these AMPs were shown to have a good response against microorganisms and low host 

toxicity, other AMPs did not show the same trend. Melittin from venom of the honey bee 

(Apis melifera)53, 54 and alamethicin from fungus (Trichoderma viride) showed a strong 

cytotoxic or cytolytic activity against host cells.55 While cecropins and melittin are 

structurally similar, with large hydrophobic- and hydrophilic regions, they show very different 

activity: Both groups are active against the bacteria Escherichia coli, but melittin also shows 

lytic properties towards human liver cells, meaning that there had to be some kind of 

recognition by the cecropins to prevent them from harming the cells of the insect itself. 

Looking at these examples from nature, it is clear that AMPs are abundantly found as host-

defence-peptides (HDPs), and they form the backbone of the natural defence of many 

organisms. Including, but not limited to, viruses,56 bacteria,57 plants,58, 59 humans and other 

mammals,60, 61 reptiles,52, 62 horseshoe crabs,63-65 and marine invertebrates. The online 

antimicrobial peptide database, ADP3,66 lists over 2600 examples of cationic AMPs from all 

kingdoms of life.67 

 

1.2.1 Structural properties of peptides 

Peptides are characterised by the peptide bond; the bond between the carboxylic acid and an 

amine group, where the π-bond resonance delocalises the double bonds across the peptide 

bond, giving the amide bond a preference of being planar. The primary structure of a peptide 

is described by the amino acid sequence, with the number of amino acids typically being 

below 50, with some ranging up into the mid 100’s.67, 68 The distinction between peptide and 
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protein is somewhat vague, and when the number of amino acids climb above 100, they are 

usually described as proteins. 

The secondary structure of peptides consist of folded sections (alpha helices, beta sheets, and 

turns) connected by loops and unfolded flexible regions (random coil).69 The secondary 

structure is largely dependent on hydrogen bonds and the phi (Φ) and psi (Ψ) angles around 

the alpha position on the backbone (See Figure 1). AMPs usually have a net charge between 

+2 and +9, from a mix of cationic (commonly Arg or Lys) and amphipathic (50% or more 

hydrophobic) amino acids.68 The sum of these causes an amphipathic secondary structure in 

the presence of a biological membrane, with the hydrophobic residues on one side and the 

hydrophilic residues on the other. 

 

Figure 1. Torsion angles phi (φ) and psi (ψ). The phi angle is the angle around the -N-Cα- bond, and 
the psi angle is the angle around the -Cα-C- bond. Reprinted with permission by the Multidisciplinary 
Digital Publishing Institute (MDPI), Kabir et al.70, 71 
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Nature produces AMPs in two different ways. the first is a ribosomal translation on an mRNA 

template, through a cleavage of the active sequence from a larger pre-protein.67, 72, 73 These 

peptides have the limitation that they only contain the natural amino acids, though sometimes 

they include post-translational modifications. An example is the human cathelicidin LL-37, 

which is synthesised from human cationic antimicrobial protein-18 kDa (hCAP18) by 

proteinase 3.67 The second method is non-ribosomally, where multiple enzymes work in 

succession to catalyse the reaction needed to end up with the correct AMP. Which then allows 

for a very different assembly of AMPs, so that they concise of a mixture of normal amino 

acids together with non-canonical amino acids not found in any proteins. Lipopeptides such as 

colistin (polymyxin E)74  and daptomycin75 are produced as metabolites in bacteria or fungi. 

Gramicidin S contains ornithine amino acid, which is almost never seen in nature, from its 

non-ribosomal synthesis through peptide synthetase such as g-S synthetase I and II.76 

Glycopeptides,77, 78 such as vancomycin79 and chloramphenicol,80 are produced with the help 

of a series of enzymes.81 Just like LEGO bricks, which can be combined in various ways to 

build different structures, AMPs are typically composed of a limited set of different building 

blocks that can be put together in a virtually limitless variation of ways. 
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Figure 2. A selection of non-ribosomally produced AMPs mentioned above. IUPAC names were 
collected from PubChem82 and drawn in ChemDraw. 

 

AMPs are great antimicrobial agents because there is a relatively low expectation of 

resistance development.83 Part of the reason is that they work well in very low dosages, giving 

little opportunity for resistance development, and they show a broad-range protection against 

diverse microorganisms. Some bacteria can develop resistance against AMPs.83 Resistance 

mechanisms can include molecules neutralising the peptide, 84 enzymatic decay by bacterial 

proteases,85 or modification of the charge of the bacterial membrane itself to hinder AMP 

binding or uptake.67, 86, 87 Fortunately, there is a high fitness cost to adapt the bacterial 

membrane, so the frequency of AMP resistance is low, and even when it happens, it is only at 

a low level of resistance.83 The bactericidal effect increases sharply within a narrow dose 

range, so very few bacteria survive long enough to develop resistance. To that extent, 

increased hydropathicity and fewer charges on the peptides seem to decrease resistance 

development even further, as peptides with less charges are less affected by the change in 
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membrane charge. Finally, while classical antibiotics usually have only one target, as a direct 

consequence of how they have developed alongside their producers, AMPs have less of a 

direct site of interaction and can affect various targets within the cell at once. 

Molecular dynamics calculations suggest that antimicrobial peptides can self-aggregate in 

solution to form miniature versions of the water-membrane interface, to form the right 

conformation for direct insertion into the membrane in a fully functional state to effectively 

exert antimicrobial action.88 Aggregation has been observed in several different peptides, 

among others melittin, which forms tetramers, and dermaseptin S4.89 Hydrophobicity has a 

positive correlation on aggregation, especially Trp.90 Aggregation leads to a better 

antimicrobial activity, up to a point: the very best aggregates are not the best antimicrobials.89 

 

1.3 Bacterial membranes 

The bacterial membrane consists of the cytoplasmic, or inner, membrane and a cell wall (see 

Figure 3).91 The cytoplasmic membrane is a lipid bilayer, consisting of almost equal parts 

lipids and proteins. The lipids are amphipathic phospholipids with a hydrophilic head and a 

hydrophobic tail. The bilayer is perturbed by different proteins, serving different roles, such 

as molecule transport, enzymatic activities, signal transduction, intercellular joining, cell-cell 

recognition, and attachment to the cytoskeleton and extracellular matrix. Primarily, the 

structure of the bacterial cell wall is used to classify into Gram- positive and Gram-negative 

bacteria. 

In Gram-positive bacteria, the cell wall consists of a thick peptidoglycan layer of tens of 

nanometres (20-80 nm92), with large pores (up to 60 nm in diameter and 23 nm depth).93 

Additionally, teichoic acids in the form of wall teichoic acids covalently bonded to 

phosphatidylglycerol (PG), and lipoteichoic acid bound to the membrane, provide stability for 

the PG and keep a negative charge over the membrane surface.74 

Gram-negative bacteria only have a thin peptidoglycan layer (1.5-10 nm92), but the big 

difference is the outer lipid bilayer.91 It is less porous than the cell wall of the Gram-positive 

cell-wall and contains lipopolysaccharides (LPS) anchored in the membrane by lipid A. The 

LPS are covered by a high number of negatively charged phosphate groups that are engaged 
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in salt-bridges with divalent cations (Ca2+ and Mg2+).74 This highly polar environment serves 

as a barrier against most hydrophobic AMPs, explaining the difference in how AMPs can be 

active against Gram-positive bacteria, while having no effect against Gram-negative bacteria. 

 

 

Figure 3. Schematic membrane structures of Gram-positive and Gram-negative bacteria. The 
cytoplasmic membranes of both types of bacteria are similar. Gram-positive bacteria have a thick 
layer of peptidoglycan surrounding the cytoplasmic membrane, protecting the bacterium. In contrast, 
the layer of peptidoglycan in Gram-negative bacteria is thin and an additional outer membrane is 
present. LPS forms a major part of the outer leaflet of the outer membrane/cell wall, the inner leaflet 
is comprised of phospholipids. Reprinted with permission by Frontiers in Neuroscience, Li et al.44 

 

The phospholipid composition varies between Gram-negative and Gram-positive bacteria, 

including between different species and strains, but commonly they include zwitterionic 

phosphatidylethanolamine (PE) and more rarely phosphatidylcholine (PC) species, where PE 

is the most abundant, making up 75% of the phospholipid membrane of E. coli.94, 95 The 

negative membrane charge is usually provided by anionic phospholipids like PG and 

cardiolipin (CL). 

The negatively charged phospholipids is one of the differences between bacterial and 

mammalian cells. While they are both present in both types of cells, the mammalian cells 

(where they make up about 17%), typically contain phosphatidylserine (PS) or 

phosphatidylinositol (PI).96 The biggest difference is arguably that the negative phospholipids 

in the mammalian cells remain in the inner leaflet, making the outer leaflet neutral, consisting 
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mostly of zwitterionic PC, glycolipids (GL), and sphingomyelin (SM). This big difference in 

the two leaflets create an asymmetry specific for the mammalian cells.97 Negative charge on 

the membrane has shown to have a positive influence on AMP-lipid interaction.98, 99 

Mammalian cells also contain cholesterol in the membrane, which causes a tighter packing 

and the general structure of the membrane to be less accessible for AMPs.100 Cholesterol 

regulates the fluidity of the membrane and increase the membrane stability. 

PE and CL are more common in bacterial membranes than mammalian membranes, and they 

have a cone-like geometry. The cones misshape the bacterial membrane, into what is referred 

to as a saddle-splay structure.101 The resulting curvature stress causes a weakness in the 

membranes.102 AMPs can use the increased curvature to disrupt the membrane through a 

range of processes, including creating pores, or protrusions called blebs, buds, or rod-like 

projections. 

Many AMPs are shown to target the cytoplasmic membranes.52, 55, 74, 103-106 They target lipid 

membranes in mainly two ways: membrane disruption and membrane lysis. The former 

describes the reduction of integrity in the bacterial membrane, which might cause membrane 

lysis. The latter is a complete loss of membrane integrity. 

There are indications that AMPs can cause cell lysis by disrupting the membrane wall and 

hindering cell wall synthesis.107, 108 A reduction of membrane fluidity is followed by a process 

where the lipid phase separates. Then, lipid synthesis protein functionality is impaired by 

conformational changes induced by the change in lipid packing. 

The way AMPs access the membrane of Gram-negative bacteria can be divided into several 

steps that include electrostatic and lipophilic bindings (Figure 4).74 First, electrostatic 

interactions between AMPs and LPS adsorbs the AMPs to the bacterial surface. Then AMPs 

permeate the outer membrane by a combination of electrostatic interactions, hydrogen bonds 

with the phospholipid heads, hydrophobic interactions with the lipid tails, and disrupting salt 

bridges. The AMPs adsorb on the cytoplasmic membrane by electrostatic interactions with 

anionic lipids, hydrogen bonds with head groups, and hydrophobic interactions with lipid 

tails. At this point, the AMPs manage to cause cytoplasmic membrane disruption. 
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Figure 4. Key molecular events of the interaction of AMP which results in killing Gram-negative 
bacteria. Reprinted with permission by Frontiers in Neuroscience, Li et al.44 

 

As the cell lysis takes place, the bacterial membrane is completely dissolved as the lipids are 

removed from the membrane. The result of the cell lysis is therefore a significant increase in 

permeability of the membrane, and the cell loses its contents and metabolites.109 

 

1.4 Membrane interaction models 

As previously mentioned, the bacterial membrane is the first point of interaction for AMPs 

and the description of peptide-lipid interaction is an evolving field where there is still more to 

learn. The specific way the AMPs destroy the bacterial membrane can be described by several 

different models, but unfortunately, the different interaction models used have been shown to 

give conflicting results.110 This section aims to describe some common membrane interaction 

models shown in Figure 5. It should be noted that this is not intended to be an exhaustive list 

and that while the mechanism of membrane lysis by AMPs are usually accounted to the pore-, 

carpet-, or detergent models of AMP activity discussed in this chapter, those are not the only 

methods discussed in literature. 
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Figure 5. Overview of some popular models of AMP activity. While many experimental observations 
are well described by one or more of these models, none of the models describes all experimental 
observations. Reprinted with permission by Springer, Wimley and Hristova.111 

 

1.4.1 Pore model 

There are two different pore models: the barrel-stave pore model and the toroidal pore model. 

In the barrel-stave pore model, AMPs interact laterally with each other to form a water filled 

channel reminiscent of a membrane protein ion channel.55, 111 In the toroidal pore model, 

AMPs affect the local curvature of the bilayer to form a high curvature toroid, disrupting the 

normal segregation of the polar and non-polar environments. One clear difference between the 

two is that in the barrel-stave model, the peptides interact with the hydrocarbon core 

surrounding the pore, while the in the toroidal pore model, the peptides interact with the lipid 

head groups.112 

Different investigation methods draw different conclusions on the barrel stave versus toroidal 

model,113 with suggestions that the barrel-stave model is even exclusive to alamethicin.114 

Alamethicin can be parallel or perpendicular to the bilayer normal, depending on the lipid 

composition and peptide concentration,115 it can form a barrel-stave pore with eight units.116 

Melittin works in the same way. These two peptides seem to be the exception rather than the 
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rule. They are not really AMPs, but rather nonspecific membrane-permeabilising peptide 

toxins. 

Magainin 2 forms larger pores than alamethicin, but they are toroidal, and needs large 

quantities of peptide perpendicular to the membrane.103 While magainin 2 seems to follow the 

toroidal pore model in bacterial cells, it seems to follow the carpet model in mammalian 

cells.117 To make matters more complicated, it has been documented that Magainin 2 and 

PGLa, both found in the skin of the frog Xenopus laevis, interact synergistically:118, 119 

Together in a 1:1 ratio, they form transmembrane pores of heteromolecular dimers. They even 

work significantly better together than either AMP does alone. 

The primary method of differentiating between the different pore types is to measure the 

conductivity across a membrane.120 The method was first suggested by looking at flip-flop 

mechanism of Magainin 2 and how it caused pore formation.121 

 

1.4.2 Carpet model 

While secropin isolated from insects has a broad antimicrobial effect on Gram-negative and 

Gram-positive bacteria, secropin derived from pig intestines, secropin P1, only affect Gram-

positive bacteria. 122 It was discovered through fluorescence measurement that the AMPs did 

not insert fully into the hydrophobic core of the membrane. Contemporary models and 

methods to describe them often came out with conflicting results.123 

The carpet model describes an initial binding of the AMP to the membrane surface, followed 

by adjusting the conformation so that the hydrophilic part of the peptide face away from the 

membrane surface and the hydrophilic part onto the membrane surface, meaning the peptide 

does not fully insert into the membrane.122 The AMP concentration continues to build up, 

“carpeting” the surface. At a critical point, the concentration is sufficient to disrupt the 

curvature of the membrane.102 The membrane disruption induce transient holes to form, 

causing content to leak from inside the barrier. AMP activity relies more on positively 

charged amphipathic features for the initial binding, rather than exact amino acid sequence or 

secondary structure.55, 102 These general properties allow the peptide to form strong non-

specific interactions with the cell membrane. 
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One of the requirements for the carpet model to work is a high local concentration of 

peptides.89 Observations were done which indicated that small openings in the membrane 

were sufficient for ion release and hindering cell respiration.124 Part of the selection towards 

bacterial cells over host cells can be contributed to the fact that the osmosis of red blood cells 

requires larger pores and higher peptide-to-lipid ratios than the ones observed in the carpet 

model.89 Additionally, the presence of cholesterol in the mammalian cell membrane inhibit 

both channel formation and the following membrane destabilisation.125 

 

1.4.3 Detergent model 

Permeabilisation is an important early step in antimicrobial activity.126, 127 The detergent 

model is used to describe the catastrophic collapse of the membrane integrity.111 Bechinger 

and Lohner89 observed that peptides interacted with bacterial membranes similarly to how 

detergents interact with fatty acids. The carpet model needed a critical concentration to work, 

but antimicrobial activity was observed at a significantly lower peptide-to-lipid ratio than the 

carpet model demanded.89 

Similarities have been drawn with detergents and how they dissolve membranes.55, 89 AMPs 

have also shown that they can self-aggregate into oligomers of different sizes, before they 

insert into the membrane. The suggestion is that they also solubilise parts of the membrane, 

carrying away lipids in micelles or bicelles.89 This results in large holes in the membrane 

surface and thereby membrane lysis. Bechinger and Lohner suggested that the peptides were 

able to form oligomers that could incorporate lipids by inserting into the bacterial membrane. 

This process could be a better description of the special cases of pore-forming peptides. 

Recently, cryo-electron tomography at nanometre scale has been used to capture images 

supporting this model.112 

 

1.4.4 Other activity models 

Wimley55 pointed out that the contents of vesicles are released too slow to account for true 

pores. The interfacial model was suggested as an attempt to explain it. Interfacial activity is 

defined as the ability of a molecule to bind to a membrane, partition into a membrane-water 
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interface, and to alter the packing of the lipids.55 The hydrocarbon membrane core is one of 

the most hydrophobic microenvironments found in nature. AMPs cause a mixing of the 

hydrophobic and hydrophilic groups of the membrane, which leads to membrane 

permeabilistation.111 

Epand and colleagues suggested a lipid clustering model, in which cationic peptides cause 

anionic lipids to cluster in the membrane.128, 129 Multi-cationic compound induce lipid phase 

separation, affecting the lateral lipid packing, which creates phase boundary effects that lower 

the permeability barrier between the cell and the surroundings.129 The mechanism is expected 

to be mostly important to molecules with sequential positive charges within a flexible moiety, 

that can adapt to the rearrangement of charged groups on the membrane surface. Importantly, 

the lipid clustering model does not exclude other models as contributing factors. Instead, it is 

suggested to be a contributing factors to pore formation in the toroidal pore model, or the 

interaction between peptides and membrane in the carpet model.128 

Almeida and colleagues introduced the sinking raft model to describe AMP activity in terms 

of binding, insertion, and perturbation.130-134 They observed that dimers or trimers of α-helical 

peptides would aggregate together on the membrane surface and then sink into the outer 

leaflet of the bilayer. As the peptides sink deeper into the bilayer, the hydrophobic residues 

remain in contact with the lipid acyl chains, while the hydrophilic residues line a hole in the 

centre of the multimer. 

While there are many different models attempting to describe the peptide-membraen 

interactions, none of them describe the interactions perfectly, and the results vary with the 

observational method that has been utilised.55, 111 This once again highlights how complicated 

nature is. 

 

1.5 Other AMP activities 

While the focus of this thesis is on antibacterial effects, peptides are known to have extensive 

effects against other microorganisms and human cells. The antimicrobial peptide database 

APD3 currently (as of April 2024) lists 1399 antifungal, 290 anticancer, 244 antiviral, 136 

anti-HIV, and 14 spermicidal peptides, among their 3940 AMPs.66 Some peptides have 
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multiple medicinal effects: magainin 2 and PGLa from the skin of the frog X. laevis are shown 

to be antibacterial, antifungal, antiviral, and have anticancer activity.118 

AMPs are exciting anticancer drugs due to a variety of reasons.135 As already discussed, 

peptides show a low propensity for resistance due their short interaction time-frame45 and how 

they express anticancer effects through a series of mechanisms.136-138 AMPs interact with 

varied membrane- and intracellular targets, which makes them more resilient than single 

target drugs.137-139 Additionally, the dual antibacterial and anticancer nature is a great built-in 

advantage, as cancer treatment often leaves the immune system weakened.140-143 Maybe most 

important for cancer treatment, AMPs show a good solubility and tumour penetration, which 

allows them to reach both primary and metastatic tumour sites.137, 139, 144 This is again 

reflected in a high selectivity towards cancer cells,137, 138, 145 leading to a general low toxicity 

to host cells and reduced side- effects.139  

Increased electronegative charge is one of the main reasons why cationic AMPs can discover 

cancer cells.145  Normally, the electronegative phospholipids PE and PS are found mostly on 

the inner leaflet of mammalian cells. Elevated reactive oxygen species and hypoxia in the 

tumour microenvironment give rise to dysregulation of phospholipid transporters, which 

transport PE and PS to the outer leaflet.145   Additionally, various anionic glycoproteins are 

overexpressed in cancers, increasing the negative charge on the membrane surface. Some 

promising anticancer AMPs are cathelicidins from lysosomes of macrophages and 

polymorphonuclear leukocytes, LL-37 (the only human cathelicidin), and its bovine homologs 

BMAP-27 and -28. LL-37 and mimics work as anticancer AMPs,146 and have contraceptive 

purposes.147  

LL-37 is especially interesting as a contraceptive, as it is naturally produced and transformed 

into ALL-38 in the vagina after intercourse to protect the vaginal epithelium against microbes 

introduced during intercourse, and to kill off feeble sperm.147 ALL-38 has equal antimicrobial 

effects to LL-37.146, 147 Additionally, magainin and nisin, especially magainin 2 and nisin A, 

have been shown to have contraceptive properties. 147, 148 AMPs can also have a contraceptive 

effect as spermicidal drugs.149 The fact that several AMPs also work against sexually 

transmitted infections (STIs)148  and HIV150 at the same time solves a lot of problems with 

modern contraseptives. Defensins, protegrins, cathelicidins, cecropins, polyphemusins, 

magainins, and melittins have shown to work against various STI-causing pathogens and 
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HIV/herpes simplex virus.149 Cecropin even inhibit HIV production by infected T cells and 

fibroblasts.150 

 

1.6 Understanding the structure of natural products 

Plants have been used as medical sources for thousands of years.151 Tablets from 

Mesopotamia dated to 2600 BCE mention, among others, myrrh (Commiphora species), 

poppy juice (Papaver somniferum), and cypress (Cupressus sempevirens) as medicinal plants. 

Morphin, from the seeds of the opium poppy, was the first commercially pure natural product 

to enter the market, in 1826.151 Aspirin (acetylsalicylic acid) was the first semi-synthetic drug, 

based on the natural product salicylic acid found in the bark of the Willow tree (Salix alba) 

and in Meadowsweet (Filipendula ulmaria, previously called Spiraea ulmaria).152 When 

looking at all the drugs that were commercially approved between 1981 and 2019, only 24.6% 

were purely synthetic drugs. The rest were either unaltered natural products, or some sort of 

modification on natural products (pharmacophores, derivatives, mimics, …).153, 154  The big 

advantage of natural products is that they are molecules that have naturally developed with a 

host organism over millennia, being tailored to a specific need.155 As such, natural products 

are typically divided into primary and secondary metabolites.156 Primary metabolites are key 

components in maintaining normal, physiological processes such as growth, development, and 

reproduction. Secondary metabolites are often specialised molecules, found only in a small 

selection of species or cells.  

 

Figure 6. The structure of four natural products-inspired pharmaceuticals.152, 157-159 
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The already mentioned penicillins and the aminoglycoside streptomycin, tetracyclines, and 

macrolides, are all examples of natural products produced by microorganisms.151 The β-

lactam structure found in penicillin is also found in other classes of antibiotics, including 

cephalosporins,158 cephamycins,160 monobactams,161 and carbapenems.162 Cephalosporin C 

from Cephalasporium acremomium (now Sarocladium strictum) fungus (see Figure 6) is one 

example.151 The four-membered β-lactam ring is the pharmacophore disrupting cell-wall 

synthesis in bacteria, and therefore the target of any antimicrobial resistance.151 Therefore, 

part of the work going into modification of the Penicillins is aiming to make the β-lactam ring 

less available for antimicrobial resistance mechanisms. 

Natural products as a class of drugs are high in steric complexity and contain many more 

chiral centres than synthetic products.155 Partly as a consequence of being made by enzymes, 

partly from their highly specialised nature where they are meant to interact with biological 

sites that are three dimensional and chiral themselves.163-165 A simple change in the 

stereochemistry of the commercialised drug might, at best, have no effect whatsoever, but 

might also end up having catastrophically harmful effects. Consequently, when new natural 

products are discovered, a lot of work goes into ascertain how they are structured. 

One famous example of how important the absolute structure of a natural product can be is 

the Thalidomide scandal in the late 1950s to early 1960s:166, 167 The racemic mixture of 

Thalidomide was sold under a series of brand names as a cure for morning sickness. It was 

later shown that (R)-Thalidomide induced a sedative effect, while (S)-Thalidomide was seen 

causing severe birth defects.168-170 It is estimated that over 10,000 babies were born with these 

defects by the time the drug was taken off the market. It has since been proven that (S)-

Thalidomide promotes degradation of SALL4, a transcription protein that is vital for limb 

development.166 The drug is not useless, though: Thalidomide is currently given as a drug 

against leprosy, multiple myeloma, and advanced wasting sickness related to HIV 

infection.167, 171, 172 

 



19 
 

 

Figure 7. Structure of the two enantiomers of Thalidomide. While one enantiomer relieves morning 
sickness, the mirror image causes severe birth defects. 166 

 

Nature provides a potent scaffold that synthetic chemists can improve upon. A wide range of 

penicillins and opiates are some prominent examples of this. A large part of the efficacy of 

natural products come from their 3D structure and their interaction with the drug target.163-165 

To gain a better understanding of the drug mechanisms, it is therefore imperative to know the 

absolute configuration of the molecule. Chirality makes the elucidation of the 3D structure 

difficult. The gold standard regarding 3D structure is often given to X-ray crystallography.165  

However, not all compounds are amenable to crystallisation, and the identification of suitable 

crystallisation conditions can be both time-consuming and in some cases a lottery. The most 

common techniques to start investigating the structure of new natural products are usually 

mass spectrometry, UV, and nuclear magnetic resonance (NMR) spectrometry. By using 

specialised equipment and techniques, mass spectrometry and NMR spectroscopy is also able 

to reliably differentiate between diastereomers and even enantiomers.173-178 
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1.7 NMR spectroscopy 

NMR spectroscopy is maybe one of the most information-rich methods regarding the 

structure of molecules. NMR spectroscopy is routinely used to elucidate unknown structures 

from isotropic information such as chemical shifts (chemical environment), spin-spin J-

coupling constants (connectivity), secondary chemical shifts (secondary structure of 

peptides/proteins), and nuclear Overhauser effect (NOE) derived distances (intramolecular 

through-space distances).179 Standard NMR techniques are not able to distinguish between 

enantiomers. 

If an alignment media is introduced into the NMR sample, partial alignment can be obtained. 

This partial alignment creates an anisotropic environment that yield new information absent in 

the isotropic sample. The new information can be used to obtain the relative configuration of 

the molecule, or even the absolute configuration, if at least one stereocentre is known or if it is 

combined with an optically active spectroscopy technique, such as vibrational circular 

dichroism (VCD) or Raman optical activity (ROA).180 Anisotropy has been used to assign or 

correct errant structure elucidations.181-187 Chiral alignment media can also be applied, which 

can distinguish between enantiomers, where the alignment effect is opposite between them.174, 

177 
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Figure 8. Concepts of magnetic dipole-dipole interactions and the obtainable 3D structural 
information. In green are the direct dipole-dipole couplings, which may be used to gain information of 
angles and distances of internuclear vectors independent on their situation in the molecular structure. 
In blue is the dipole-dipole relaxation, which may give access to local internuclear distances through 
space. Indirect dipole-dipole couplings are highlighted in red which, among multiple uses, hold local 
information of the relative position of nuclei, mediated through the bonds in the structure. It is 
indicated whether the information may be extracted from spectra of molecules under isotropic 
conditions or if anisotropic conditions are also needed. Reprinted with permission by Springer Nature, 
Hoeck.188 

 

1.7.1 J-coupling constants 

J-coupling constants derives from indirect dipole-dipole couplings, and are also called scalar 

couplings.189, 190 They originate from magnetic interactions relayed by bonding electrons 

where the spins are indirectly connected.188 The magnetic moment of the nuclei slightly 

polarises the electrons involved in the chemical bond, which is then transmitted by 

overlapping orbitals to other nuclei. The spin state of one nucleus then influences the effective 

external magnetic field around a neighbouring nucleus, which is seen through line splitting. 

The interaction is independent on the applied magnetic field, which is why J-coupling 

constants have the same values between different NMR instruments with different field 

strengths. The scalar coupling is also the basis of most through-bond NMR experiments.179 

3JHH-coupling constants are typically recorded for proteins and peptides, as they give 

information about the backbone. Obtaining 3JHH-coupling constants is relatively easy, as they 

can be read directly from the 1D 1H spectrum and can be easily extracted as long as the peaks 
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are not overlapping, and the separation is decent.188 Alternatively, several 2D experiments are 

designed to extract the coupling constants, even if some peaks are overlapped, such as the 

E.COSY experiment.191-193 There are even some 3D HNHA experiments that are designed to 

extract the 3JHH-coupling constants in proteins.194 

The size of the 3JHH-coupling constants are dependent on the orbital overlap of the hydrogen 

atoms.188 This relationship is described by the semi-empirical Karplus equations, given as the 

sinusoidal graph in Figure 9, and can be used to extract dihedral angles.195 The relative size of 

the J-coupling constants are also dependent on the atoms involved, meaning that HN-CH will 

have different coupling constants for the same angles compared to HC-CH, due to a 

difference in magnetic moment, including an effect from the surrounding nuclei.195-197 The 

differences in bond lengths, also depending on the atoms in question, are also important to the 

constants. 

 

 

Figure 9. Left: Dihedral angle between protons (red) three bonds apart, blue may be carbons or 
heteroatoms. Right: Dependence of 3J-coupling constant on dihedral angle for peptide data as given 
by Karplus equations.195 Reprinted with permission by Springer Nature, Hoeck.188 

 

The general shape of the Karplus equation is given in equation (1).195 

3JHH(θ) = A cos2 θ + B cos θ + C     (1) 

where θ is the dihedral angle, and the constants A, B, and C depend on the type of the 

coupling. The equation was derived from peptide moieties, where they used the NH-CH bond 

with A = 6.4, B = -1.4, and C = 1.9.  
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When looking at several computationally obtained conformers for comparison to 

experimental values, the weighted J-coupling constants are weighted as the constants, not 

weighted as the corresponding dihedral angles.  

 

1.7.2 Secondary chemical shifts 

The backbone of a polypeptide makes for an especially good probe for the peptide’s overall 

structure. Secondary chemical shifts (∆δ) of Hα, Cα, HN, and Cβ are used to measure the 

secondary chemical shifts by looking at the difference between the experimentally obtained 

chemical shifts and random coil reference shifts (equation (2)).198-202 

∆𝛿𝛿 =  𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒 − 𝛿𝛿𝑟𝑟𝑒𝑒𝑟𝑟      (2) 

The reference value can be obtained in several different ways, with slight variations. One of 

the areas that the field of secondary chemical shifts are continuously evolved, is the 

improvement of the reference values. Following are four different methods of obtaining 

secondary chemical shift reference values. 

Schwarzinger et al.203 utilised a sequence-dependent correction. An Ac-GGXGG-NH2 peptide 

was synthesised with X being one of the 20 naturally occurring amino acids, and the effect of 

X on the two amino acids in each direction was recorded as the difference from X=G. This 

method is a considerably quicker way of exploring how neighbouring amino acids are 

affected by all natural amino acids compared to synthesising all the different polypeptide 

variations. Doing that would require synthesising 400 unique peptides for the dipeptide 

combinations, and all the combinations for the tripeptide would require a prodigious 8000 

unique peptides. 

Kjaergaard et al.204, 205 built on the study by Schwarzinger et al.203 They found Glutamine to 

be a better representation of the random coil based on the likeness of the sidechain to the other 

amino acids.205, 206 With only a single heavy γ-atom, glutamine is the best general 

representation of the natural amino acids. Contrary to this, glycine is conformationally 

abnormal with an unusual conformational freedom, which shows up as the random coil 

chemical shifts being affected on a different magnitude compared to all the other amino acids. 
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Glycine was therefore not expected to be a representative amino acid for secondary chemical 

shift correction. Additionally, Kjaergaard et al. pointed out that the peptide structure is highly 

temperature dependant, and therefore included a temperature gradient from 5 to 45°C making 

sure the results are comparable to any relevantly recorded NMR data.204, 205 

De Simone et al.207 developed the CamCoil approach, where random coil chemical shift 

values were collected from the flexible loop regions of proteins in a database of 1772 

proteins. This approach allows discrimination of dependence of the chemical shifts on the 

primary structure of proteins from the effects that are associated with the secondary and 

tertiary structures.207 In other words, the random coil values that are extracted are only 

dependent on the amino acid order. 

Tamiola et al.208, 209 utilised ncIDP (neigbhour corrected Intrinsically Disordered Protein), a 

library of 6903 chemical shifts from 14 polypeptides, yielding random coil chemical shift 

values for 20 amino acids with 40 sequence-dependent correction factors that discriminates 

between the left and right amino acid. 

A common procedure to report secondary chemical shifts include the difference between Cα, 

and Cβ chemical shifts,198 with the advantage that it cancels out chemical shift referencing 

errors.210 The HN secondary chemical shift can give information about hydrogen bonding,198 

as intramolecular hydrogen bonding causes deshielding of the proton, resulting in a downfield 

shift. 

Generally speaking, positive values (+2 ppm) indicate an alpha helix structure, negative 

values (-2ppm) indicate beta strand or extended structure, and values close to zero (within ±2 

ppm) indicate a random coil.210 Consecutive values of ±2 ppm is usually interpreted as having 

fully formed a secondary structure. Additionally, it is known that aromatic residues have a 

long-range effect on chemical shifts, especially on protons.203 
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1.7.3 Nuclear Overhauser Effect 

A very useful technique in NMR spectroscopy is to be able to collect correlations through 

space via the nuclear Overhauser effect (NOE). NOE correlations originate from cross-

relaxation.179, 188 

Relaxation in NMR is the mechanisms of which the system returns back to equilibrium after 

perturbation by radio frequency (RF) pulses.188 T1 relaxation is the recovery of the original 

longitudinal magnetisation, while T2 relaxation is the loss of transverse magnetisation. For 

small molecules T1 and T2 relaxation are in the same order of magnitude, while 

macromolecules or solids operate with considerably shorter T2 relaxation times. The 

longitudinal relaxation (T1) is the focus to understand NOE relaxation, and is facilitated by the 

translations, rotation, and internal motion of the molecule. The mechanism of the NOE 

relaxation is dominated by the relative spin dipole reorientation of neighbouring nuclei under 

rapid isotropic tumbling. The population of one spin changes as the population of another 

nuclear spin is perturbed. This is the reason why NOEs are dependent on the rotational 

correlation time (τc). 
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Figure 10. Energy level diagram for the two-spin system IS with all possible transition rates indicated. 
Reprinted with permission by Springer Nature, Lundström.211 

 

The NOE itself is given by the W0 (zero quantum) and W2 (double quantum) cross-relaxations 

(Figure 10), where both spins switch spin state simultaneously.179, 188 The cross-relaxation rate 

determines the intensity of the cross-peaks. In the most common NOE experiments, the NOE 

evolves without RF irradiation for a fixed period, the mixing time (τm). 

In the nuclear Overhauser effect spectroscopy (NOESY) experiment, the NOE enhancements 

build up linearly to begin with, reaching a maximum where linearity is lost, then decays back 

to zero (Figure 13). This observed effect is a combination of the buildup, spin diffusion, and 

relaxation. Spin-diffusion is negligible to begin with, but as the cross-relaxation builds up, the 

spin diffusion increases and becomes significant. As the longitudinal relaxation also add to 

the spin diffusion, the intensity of the crosspeak decays. 

NOESY crosspeaks have a sign dependence on the size of the molecule (See Figure 11).179 

For small molecules, NOESY crosspeaks are the same phase as rotating-frame Overhauser 

effect spectroscopy (ROESY) crosspeaks, with the dipole-dipole peaks being of opposite sign 

to the diagonal. Meanwhile, exchange peaks in both NOESY and ROESY spectra are always 

the same sign as the diagonal. The difference is that in a NOESY experiment, the NOE passes 

through zero for larger molecules and both dipole-dipole crosspeaks and exchange crosspeaks 

have the same sign as the diagonal (see Figure 11). For ROESY this never happens because 

small molecules stimulate W2 while large molecules stimulate W0.  
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Figure 11. The theoretical cross-relaxation rate (r) of NOE (―) and T-ROE (- -) experiments at 500 
MHz, for a distance of 2.5 Å. Note that the crossover point is dependent on the field strength. The 
cross-relaxation rate is shown in contrast to the often-depictured maximum homonuclear 
enhancement, as the cross-relaxation rate is the actual observable parameter in NOE experiments. 
Reprinted with permission by Springer Nature, Hoeck.188 

 

ROESY spectra suffers from transfers from total correlation spectroscopy (TOCSY), because 

it is set up with a low-power spin lock pulse, which is similar to the TOCSY spin-lock 

pulse.179 For the same reason, ROESY can also show correlation spectroscopy (COSY) peaks 

between J-coupled spins. These extra peaks make NOESY spectra easier to analyse, making 

them preferred where applicable.  

NOE correlations can be used to qualitatively determine stereochemistry or confirm 

assignment of novel or known compounds.188 The information gained is highly local, as there 

is a 1/r6 dependence between intensity of the signal and distance (See equations (3) and (4)). 

This allows distances of up to 4-5 Å to be observed, depending on the rotational correlation 

time and nuclei pair. The rotational correlation time of a molecule is dependent on the size of 

the molecule, the temperature, the shape and flexibility of the molecule, and the viscosity of 

the solvent.179 As with most NMR experiments, having adequate delays between scans is very 

important. If the T1 relaxation is not completed, the intensity of following scans will be 
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altered accordingly, leading to wrong relative intensities and distances will be estimated from 

wrong data.188 

Spin diffusion happens when the magnetisation between two nuclei, A and B, can develop 

long enough for the magnetisation to be transferred further to another nucleus, from B to C 

(Figure 12). Now the intensity of the signal a-c indicate that nuclei a and c are closer than they 

really are, meaning false peaks can be observed that indicate that there is a connection that 

there should not be.  

 

Figure 12. Simplified figure showing how a signal from nucleus A can be transferred to B and further 
to C if the mixing time becomes too long. The result is a crosspeak showing a false connection 
between nuclei A and C. 

 

The intensity of a cross-peak is given by equation (3).179, 188  
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− 𝜏𝜏𝑐𝑐�    (3) 

where σ is the cross-relaxation; μ0 is the vacuum permeability constant; ħ is the reduced 

Planck constant; γ is the gyromagnetic ratios of the nuclei; r is the distance between the 

involved nuclei; τc is the rotational correlation time of the molecule. 

Equation (3) can be simplified into equation (4) if some assumptions are made: if the equation 

is considered for only identical nuclei (HH); all constants are covered by a new constant, k, 

that is similar for all observed NOEs; all rotational correlation times are equal; the acquired 
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mixing time is short, so NOEs are observed before spin-diffusion kicks in; the cross-

relaxations of multiple involved spins behave as isolated spins. 

𝜎𝜎𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑟𝑟−6      (4) 

This shows that the relationship between intensity and distance is to the power of -6, and that 

signal is quickly lost. The cross-relaxation rate is further correlated to the observed intensity 

(η) through equation (5). 

𝜂𝜂𝐴𝐴𝐴𝐴 =  𝜎𝜎𝐴𝐴𝐴𝐴𝜏𝜏𝑚𝑚      (5) 

where τm is the mixing time used in the experiment. If the mixing time is the same, the 

intensities and distances from two different cross-peaks can be related by equation (5). Then, 

if a distance between two protons X and Y, rXY, is known, the distance between two protons A 

and B, rAB, can be calculated by equation (6). 
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𝜂𝜂𝐴𝐴
𝜂𝜂𝑋𝑋
�
−16     (6) 

The fact that one distance can be approximated when another distance is known is called the 

isolated spin-pair approximation (ISPA) or initial rate approximation (IRA).212, 213 For 

quantitative NOE experiments, one reference method is to use intramolecular reference 

distances. The most common are either ortho aromatic protons (2.46 Å) or 

diastereotopic geminal protons (1.75 Å).179 

NOE build-up curves (Figure 13) can be constructed from steadily increasing 

NOESY/ROESY mixing times to avoid including spin-diffusion peaks.188 The latter will 

show up with a delayed onset of intensity (as it does not appear until spin-diffusion has 

started). 
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Figure 13. NOE intensity buildup curve of the cyclic hexapeptide c(WRWRWR) in water. Note how the 
initial buildup is approximately linear, and then curves off towards the top (Figure not previously 
published). 

 

1.7.4 Anisotropy 

The downside with classical NMR experiments is that they cannot distinguish between 

enantiomers. Different to J-coupling constants and NOE derived distances, which give 

extremely localised information, anisotropy-based methods yield global structural 

information, as they are relative to the external magnetic field.188, 214 

Liquid state NMR operate in a state of isotropy, meaning the molecules tumble freely in 

solution, so observable dipole-dipole couplings cancel each other out. Solid-state NMR does 

not undergo unrestricted isotropic molecular motion, often from being a solid powder, 

containing molecules oriented in all different directions (See Figure 14).215 This means the 

material is anisotropic, inducing the different nuclei to experience the magnetic field 

differently from their distinct orientations. High-speed rotation at 54.74° relative to the 

magnetic field, or magic angle spinning (MAS), can be used to average the different peaks 

into an isotropic-like environment. Without magic angle spinning, the dipole-dipole couplings 



31 
 

do not cancel, and broad peaks containing information of all the different orientations are 

observed. By changing the angle of an NMR sample incrementally, it is possible to obtain 

anisotropic information about the molecule.216 

 

 

Figure 14. Representation of a solid-state NMR experiment, showing how molecules aligned in 
different directions give rise to different parts of the powder pattern of the solid-state NMR signals. 
Reprinted with permission from Springer Nature, Nardelli et al.71, 217 

 

Cortieu and coworkers175 first reported enantiodiscriminating properties of poly(γ-benzyl-L-

glutamate) (PBLG). Thiele and coworkers showed that the methylene groups in strychnine 

could be distinguished.218, 219 Following this, the groups of Thiele and Reggelin, among 

others, started investigating the enantiodiscriminating properties of PBLG and other novel 

liquid crystal (LC) systems.220-223 At the same time, work was done by the groups of Kessler 

and Luy on swollen polymers as alignment media for small molecules, showing an easier 

scalability of residual dipolar couplings (RDCs), in addition to a weaker degree of 

alignment.174, 224-227 
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There are three different anisotropic measurements that are observed: residual quadrupolar 

coupling (RQC) of deuterium in the solvent, which is most often used to measure the degree 

of alignment;228 residual dipolar coupling (RDC), which was the main point of interest for a 

long time; residual chemical shift anisotropy (RCSA), which in the last two decades have 

gotten a lot of traction as an excellent complimentary method to RDCs.184 

 

1.7.4.1 Residual dipolar couplings 

Nematic liquid crystal solutions were observed by Saupe in the 1960’s;229, 230 LC solutions 

where molecules are more or less oriented with the long axis roughly parallel in a magnetic 

field. The issue was that the observed dipolar coupling that originated from the alignment was 

in the kHz range, far above the range of scalar J-coupling constants, rendering them unfit for 

NMR analysis of anything other than small or highly symmetrical molecules.231 The 

introduction of alignment media that induced only a very low degree of order (an order 

parameter S < 10-3), so that the dipolar coupling is smaller than the 1JCH scalar coupling, made 

RDCs viable as a means of structure determination. 

RDCs originates from a direct dipole-dipole coupling between two nuclei in an external 

magnetic field.214 The direct dipolar coupling constant D comes from the magnetic fields 

generated from the spins, relative to the external magnetic field. The dependence on the 

magnetic field means that the 3D structure of molecules can be determined, as angular 

knowledge of internuclear vectors is established, even if they are far apart in the structure 

(Figure 8).188 RDCs and computer-generated structures can be used synergistically to 

investigate stereochemistry and conformation of complex structures.232, 233 

The direct dipole-dipole interaction can be defined between two isolated heteronuclear spins I 

and S by equation (7):231 

D𝐼𝐼𝐼𝐼 = −𝜇𝜇0𝛾𝛾𝐼𝐼𝛾𝛾𝑆𝑆ħ
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1
𝑟𝑟𝐼𝐼𝑆𝑆
3 〉     (7) 

where μ0 is the vacuum permeability and γI and γS are the gyromagnetic ratios of the two 

spins I and S. The angle θIS is the angle between the vector connecting I and S and the 

direction of the magnetic field; the symbols 〈 〉 indicate a time average over all orientations 
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sampled by the interspin vector and rIS is the distance between the spins (= length of the 

vector rIS). If I and S are directly bonded heteronuclear spins (1H and 13C or 1H and 15N) this 

distance is the bond length. For flexible compounds, rIS and ΘIS are additionally averaged by 

the internal motion of the compound. 

The dipolar coupling D can be observed as an additional contribution (positive or negative) to 

the line splitting under anisotropic conditions (Equation (8)). 

T = J + D      (8) 

where T is the total coupling observed and J is the scalar coupling.231, 234 The anisotropic 

contribution to the scalar coupling is very small, and is usually overlooked.188 

The alignment of the molecule can be described by an alignment tensor A, a symmetric and 

traceless 3x3 matrix that describes the preferred orientation of the molecule.231, 235 The matrix 

contains five independent elements, meaning that more than five non-parallel (linearly 

independent) RDC values are needed to be able to utilise them for structural analysis.231, 236 

RDC is mostly used for one bond 1H-13C correlations, but other experiments like 1H-15N are 

also available. 

The issue has been raised on whether a single alignment tensor is enough to describe a 

flexible molecule with subsequently many different conformations.185 A program that is able 

to sample a selection of alignment tensors dependent on different conformational clusters 

might yield a better description of the system. Unfortunately, the development of methods to 

make RDCs applicable to flexible compounds is still in its early stages.231 The main issue is 

that two averaging processes are observed at the same time: averaging of the tumbling motion 

of the molecule and averaging of the conformational flexibility. To properly observe the 

flexible moiety, five independent RDCs would be needed for every single conformer.185, 231 

As for now, the total number of possible conformers are reduced by other methods, such as 

NOE distances and J coupling constants, before the RDCs are applied on the limited 

sampling. The field is still evolving, but one solution is the molecular dynamics with 

orientational constraints (MDOC) simulation, where  the tensor is handled as an orientational 

constraint pseudo-forcefield, generating a large ensemble of compatible conformers.237-240 To 
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obtain the best results, the method is still combined with NOE distances and 3JHH coupling 

constants. 

It was also discovered that most small, monomeric proteins can be accurately described by a 

single structure, yielding decent Quality factors (Q-factors) (further explained in chapter 

1.7.4.6).214 Residues having large amplitudes or anisotropic motion will need a few more, and 

adding only one extra structure might reduce the Q-factor by a significant amount. RDCs can 

in fact be used to investigate structures as big as over 100 kDa,241 and are being used to 

investigate the structure of unfolded proteins.214, 242-244 

 

1.7.4.2 Residual chemical shift anisotropy 

Partial alignment causes an incomplete averaging of the chemical shielding tensor, which 

provides structural information in the form of relative orientations between different chemical 

shift anisotropy (CSA) tensors.183, 184, 245  This change can be measured as residual chemical 

shift anisotropy (RCSA) and is observed as a downfield or upfield change of the chemical 

shift for the different nuclei (See Figure 15). RCSA is applied for 13C by acquiring standard 

1D 13C NMR spectra. This allows even quaternary carbons to be observed, which is one of the 

reasons why RCSA is an excellent supplement to RDCs.246  Though, as all the peaks will shift 

in different directions, a chemical shift standard such as tetramethyl silane (TMS) is 

needed.184 
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Figure 15.13C spectra for commafric A in CDCl3 with 0.03% (v/v) TMS at different PBLG 
concentrations. Zoomed-in outclip of C7, showing the change in ppm values, not to mention a 
decrease of signal-to-noise ratio. Figure from supporting information of paper I, reprinted with 
permission by Springer Nature, Dinku et al.71, 181 

 

Hybridisation is important for the carbon CSA. Historically, RCSAs obtained from polymeric 

gels have been very small, especially from sp3 hybridised carbons.183 Sp2 hybridisation leads 

to larger values than sp3 hybridisation, which leads to larger RCSAs.184 Meaning that RCSAs 

even more useful for molecules with many sp2 hybridised carbons. 

 

 

1.7.4.3 Alignment media 

To obtain the partial alignment, the sample needs to be introduced to an alignment media. 

There are two kinds of alignment media introduced for small organic compounds: liquid 

crystal (LC) solutions and stretched polymers (SPs), the latter is also sometimes called strain-

induced alignment in a gel (SAG).184, 216, 231 The interaction with the alignment media is 

thought to be solely steric, unless a charged alignment media is used.233, 247 

Internal 
reference: 
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16.2% PBLG 



36 
 

There are several systems that can be used for macromolecules in water. Some prominent 

examples are bicelles,248 lamellar LC,249 bacteriophages,250 and graphene oxide.251 Small 

molecules are often analysed in organic solvents, and need different alignment media. There 

is a range of different polymers for LCs and SPs,184, 188, 232, 252, 253 but the most prominent one 

for LCs is arguably poly(γ-benzyl-L-glutamate) (PBLG). 

 

1.7.4.4 Liquid Crystal 

The anisotropy is introduced to the sample by simply dissolving the LC polymer into the 

sample tube.183, 221, 228, 254 The solution is then homogenised by forcing the LC back and forth 

inside the NMR tube. A hand-driven centrifuge is very practical for this part (also quicker 

than a proper centrifuge, and less likely to break the NMR tubes). The homogeneity is verified 

by measuring the quadrupolar splitting (RQC) of the deuterium signal through a 1D 2H 

experiment. 

LCs are able to distinguish between enantiomers, as was shown with the chiral PBLG LC and 

its enantiomer PBDG (poly(γ-benzyl-D-glutamate)) enantiodiscriminating between the two 

enantiomers of isopinocampheol (IPC).221 The selectivity of LCs is thought to come from 

chiral helices.176 

 

1.7.4.5 Stretched polymers 

Stretched polymers are crosslinked polymers that swell in the solvents used. They are selected 

based on the solvent, such as the poly(-methylmethacrylate) (PMMA)225, 253 gel in chloroform 

and polyacrylamide (PAA) gel in water.252, 255 

The gels can either be stretched or compressed.184 For the latter, SAG is the most fitting 

acronym. The drawback of compressing the gel is that the long axis of the molecule aligns 

orthogonally to the magnetic field, causing small RDCs. Denser gels were used to increase 

RDCs, which led to hindering rotational diffusion. This increase line broadening and reduce 

sensitivity.256 Stretched gels, on the contrary, lead the molecule to align parallel to the 
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magnetic field, doubling the RDCs, meaning a more dilute gel can be used, which is 

favoured.184 

Originally, SPs were based on self-stretching gels in NMR tubes.184 Kuchel et al.257 

introduced a stretching apparatus in 2006 where they could extract RDCs and 23Na RQCs in 

gelatine SP mechanically, which was further developed by Kummerlöve et al.258 to cover all 

gels. Consisting of a rubber tube and clamps, the stretching apparatus uniformly stretches the 

gels mechanically inside the NMR tube to gradually increase anisotropy.253, 259  

In the self-stretching method, the gel can be cast in a size that will be sterically hindered from 

swelling normally either radially or vertically inside the NMR tube.176, 184, 188, 225, 260 Either the 

stick can be cast with a wider diameter than the tube, or a rod can be inserted into the tube to 

hinder vertical swelling (“confinement method”176). The anisotropy is then introduced with 

steric interaction surfaces either vertically or horizontally, as the gel swells. The strength of 

the alignment can normally not be changed once the gel is cast, but rather tuned by changing 

the amount of cross-linker during the synthesis.225, 260 The vertical swelling was the first type 

to be introduced, but the main setback is that it takes up to several weeks to fully swell inside 

the NMR tube.188, 225 Because many proteins are not stable for that long time, they cannot be 

analysed by the vertically swelling gels. The radial swelling with vertical restriction was 

introduced as a solution to this, as it only takes up to a couple of days. 188, 225 

SPs can also differentiate between enantiomers,174, 261, 262 but the number of systems that work 

for this purpose are fewer than for LCs. One prominent SP example that can distinguish 

between enantiomers is gelatine, and recently an SP able to discriminate between enantiomers 

in water, DMSO, and methanol has also been reported.176 The field is continuously evolving 

with new systems that can be used to extract structural information. 

 

1.7.4.6 Practical aspects 

RCSA from a sample in chloroform with PBLG as the LC is calculated by equation (9) 

(adapted from Liu et al.183) 

𝑅𝑅𝑅𝑅𝑅𝑅𝐴𝐴𝑖𝑖 = �𝛿𝛿𝐴𝐴1𝑖𝑖 − 𝛿𝛿𝐼𝐼0𝑖𝑖 � − ��[𝑃𝑃𝐴𝐴𝑃𝑃𝑃𝑃]𝐴𝐴1
[𝑃𝑃𝐴𝐴𝑃𝑃𝑃𝑃]𝐼𝐼1

� × �𝛿𝛿𝐼𝐼1𝑖𝑖 − 𝛿𝛿𝐼𝐼0𝑖𝑖 ��   (9) 
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where I0 is an isotropic measurement without PBLG; I1 is a second isotropic measurement, 

just below the critical PBLG concentration differentiating the isotropic and anisotropic states 

(ccrit); A1 is an anisotropic measurement above ccrit. 

RDC is measured as the increase or decrease in the splitting in 2D 1H-13C spectra. For f2 

splitting, a common experiment is the HSQC-CLIP,263, 264 and for f1 splitting, the HSQC-

IPAP.184, 265  For molecules with few protons, f2 splitting is fine, but for molecules with many 

protons, the proton-proton dipolar couplings can severely broaden the observed signals, 

making the measurements inaccurate at higher PBLG concentrations.184 Therefore, HSQC-

IPAP can be a better alternative. The splitting is measured in Hz. The advantage of the f2 

dimension is that it gives higher resolution. 

To validate the fitness of the theoretical structures, they are put through a fitting procedure.184 

The quality of fit is evaluated by a quality factor (Q factor), which reflects the average 

percentage disagreement between experimental and calculated RDC and RCSA values, as 

defined by equation 10. A lower Q factor corresponds to a better fit, while a higher Q factor 

could indicate problems with the conformations or configurations, and alternative structural 

proposals should be considered. A Q factor of 40% roughly corresponds to an R value of 0.9, 

commonly found in structures with 2-3 Å resolution, while a Q value of 20% or less indicates 

a structure of high resolution and accuracy, within 1.5 Å.214 

𝑄𝑄 =  �
∑ �𝑉𝑉𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒−𝑉𝑉𝑖𝑖
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�

2𝑁𝑁
𝑖𝑖=1

∑ �𝑉𝑉𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒�

2𝑁𝑁
𝑖𝑖=1

     (10) 

where N represents the total number of data points measured, and 𝑉𝑉𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒and 𝑉𝑉𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 represent the 

experimental and calculated values of the ith data point, respectively. 

The preferred method of computing back-calculations of RDCs from 3D structures for small 

molecules is singular value decomposition (SVD).236, 247, 266 The method has proven reliable 

and applicable for the structures frequently used in literature,188 especially when only a few 

(at least six) RDCs are known.247 

One point that might cause issues, is that there are a whole new set of issues that arises if the 

molecule is close to planar.267-269 A flat molecular structure limits the sampling of anisotropic 
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data, potentially leading to an incorrectly determined alignment tensor and the experimental 

and back-calculated data to lead to the preference for an incorrect isomer. For a perfectly 

planar molecule, there are only three independent in-plane RDCs and the plane norm 

orientation from RCSA becomes redundant, which makes the SVD analysis with five 

independent RDCs difficult.268, 269   

Finally, it is important to keep in mind the reliability of the results from anisotropy is 

dependent on theoretical structures.184 When comparing different diastereomers or 

enantiomers, changes in the computationally obtained structures can yield a different Q factor 

if the structures are not properly sampled.   

 

1.8 Binding 

Binding to a substrate is often described with the dissociation constant KD, which describes 

the relationship between the rate constants kon and koff (equation (11)). A lower KD describes a 

stronger binding.270 

𝐾𝐾𝐷𝐷 = 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜
𝑘𝑘𝑜𝑜𝑜𝑜

      (11) 

where koff and kon are the off- and on-rate constants, respectively. Another important constant 

is the partition coefficient KP, which describes the preference of the substrate towards a lipid 

environment over an aqueous environment (equation (12)).271 

𝐾𝐾𝑃𝑃 = [𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐𝑠𝑠𝑒𝑒 𝑖𝑖𝑖𝑖 𝑐𝑐𝑖𝑖𝑒𝑒𝑖𝑖𝑙𝑙]
[𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐𝑠𝑠𝑒𝑒 𝑖𝑖𝑖𝑖 𝑤𝑤𝑐𝑐𝑠𝑠𝑒𝑒𝑟𝑟]     (12) 

KP is usually used to describe the concentration of a drug in the target tissue as opposed to the 

surrounding blood vessels,272 which can be expanded to describe the preference of the 

substrate towards a lipid environment over an aqueous environment.271 

KD and KP can be considered to complement each other: KD describes the interaction between 

the substrate and the lipids, while KP describes the preference for the hydrophobic over the 

hydrophilic environment. The relationship between them is negatively correlating, though 

moderately linear for any given AMP in different lipid compositions.273 
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1.8.1 Fluorescence 

The interface between lipids and water is a favourable environment for Trp. The amphiphilic 

properties of the amino acid give it very important roles for the hydrophobic-hydrophilic 

interface, such as functioning as an anchor along the lipid surface for stabilising membrane-

spanning proteins.274, 275 Trp is the most energy-taxing amino acid to synthesise, partially 

explaining why animals do not make it themselves and instead obtain it from plants. 

Following, Trp is a scarce and precious amino acid in the cell and is only used 

parsimoniously: only 1.1% the amino acids in cytoplasmic proteins are Trp, while the same 

amino acid makes up 2.9% of the amino acids in membrane-bound proteins. The cation-π 

interaction that comes from the aromatic rings of Trp being close to Lys or Arg can provide 

energy stabilisation of several kilocalories, which is often more than ionic bridges.275 

Additional to be more abundant in membrane-bound proteins, Trp is also found in many 

AMPs.276 The amino acid has shown to be advantageous in stabilising folding into lipid 

bilayers.275 Interestingly, the amino acid has an intrinsic fluorescence;   a fluorophore can 

absorb a photon of the correct wavelength to reach an excited state. 277 The fluorescence 

happens when the fluorophore subsequently emits a photon of a longer wavelength. This shift 

in wavelength of the photon from the absorbed to the emitted is known as Stokes law. 

The fluorescence quantum yield is the fraction of the absorbed photons that are emitted as 

fluorescence.278 The quantum yield is dependent on many factors: temperature, fluorophore 

concentration, and level of quenching being some of them. 

Quenching is a description of how the fluorophore is hindered from emitting a photon when a 

photon source is present.279 The fluorophore can generally be quenched by either static or 

dynamic quenching. The former describes processes where the fluorophore is being prevented 

from reaching the excited state, while the latter describes any non-radiative (without releasing 

a photon) way of going from the excited state to the ground state. The most used example of 

dynamic quenching is to force the fluorophore to collide with a quencher, which is often a 

solvent. 
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Trp is very sensitive to the polarity of the local environment:280 the quantum yield increases in 

intensity when it is exposed to a hydrophobic environment, and is reduced when it is exposed 

to an aqueous environment. The water works as a dynamic quencher of the fluorophore 

signal, so with increased lipid concentration, an increase in the quantum yield is expected. 

Therefore, to determine KP in peptide-membrane interactions, the fluorescent intensity is 

monitored in the presence of an increasing amount of lipid.281 

 

1.8.2 Microscale Thermophoresis 

Microscale thermophoresis (MST) is a relatively new technique pioneered by Nanotemper, 

used to investigate the binding of a substrate to a target, usually an enzyme to a ligand.282 

Thermophoresis describes the movement of molecules along a temperature gradient (normally 

hot to cold), determined by the concentration of a substrate in the cold environment relative to 

the concentration in the hot environment. This relationship is described by the Soret 

coefficient, ST. 

𝑅𝑅𝑇𝑇 = [𝐻𝐻𝑐𝑐𝑠𝑠]
[𝐶𝐶𝑐𝑐𝑐𝑐𝑙𝑙]      (13) 

The mixture of the substrate and target is held in a series of capillaries inside the MST 

instrument, and the capillaries are heated with an IR laser (Figure 15). A volume with a 50 μm 

volume is heated by 4-6°C, creating a small temperature gradient for the substrate and target 

to move along. 
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Figure 16. MST setup and experiments. (A) The NanoTemper MST instrument with a capillary tray 
which can accommodate up to 16 capillaries with increasing ligand concentration. (B) Schematic 
representation of MST optics. (C) Typical signal of an MST experiment, showing the initial 
fluorescence in blue, the effect of the IR laser in red, and the inverse T-jump in blue again. (D) Typical 
binding experiment. The thermophoretic movement of a fluorescent molecule (black trace; 
“unbound”) changes upon binding to a non-fluorescent ligand (red trace; “bound”), resulting in 
different traces. Reprinted with permission by Elsevier, Jerabeck-Willemsen et al.282 

 

ST is obtained by observing the fluorescence of a target, either as the intrinsic fluorescence or 

from an attached fluorophore tag.100 The intrinsic fluorescence can be obtained with residues 

such as Trp or Tyr. In the NanoTemper instrument, the initial fluorescence is monitored 1-3 

seconds before the IR laser is activated. When the laser is activated, a temperature-related 

intensity change (TRIC) occurs due to the dependence on a quantum yield of a fluorophore on 

temperature; the TRIC is observed within the first second and is referred to as the T-Jump 

(Temperature-Jump). 

After the initial 1-1.5 seconds, the TRIC has taken place and the thermophoresis of the target 

occurs until a steady state is reached, normally within 15-30 seconds. Then, the IR laser is 

deactivated, and a reversed T-Jump is observed as the capillary cools down and the 

temperature gradient dissipates, and the target returns to a stable condition. 
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ST can be determined from the relative intensity of the fluorophore during the application of 

the laser right after the T-Jump section (FHot) compared to before the laser is applied (FCold), 

where the intensity correlates to the relative concentrations in either environment (Fnorm). 

𝑠𝑠𝑇𝑇 = 𝐹𝐹𝑖𝑖𝑐𝑐𝑟𝑟𝑚𝑚 = 𝐹𝐹𝐻𝐻𝑜𝑜𝐻𝐻
𝐹𝐹𝐶𝐶𝑜𝑜𝑐𝑐𝐶𝐶

      (14) 

ST can also be described more thoroughly through equation (15). 

𝑅𝑅𝑇𝑇 = 𝐴𝐴
𝑘𝑘𝑇𝑇
�−𝑅𝑅ℎ𝑦𝑦𝑙𝑙 +

𝛽𝛽𝛽𝛽2𝑒𝑒𝑜𝑜𝑜𝑜
4𝜀𝜀𝜀𝜀0𝑇𝑇

𝑥𝑥𝜆𝜆𝐷𝐷𝐻𝐻�     (15) 

where Shyd is the entropy of solvation of the complex, A is the size of the complex, T is 

temperature, k is Planck’s constant, and 
𝛽𝛽𝛽𝛽2𝑒𝑒𝑜𝑜𝑜𝑜
4𝜀𝜀𝜀𝜀0𝑇𝑇

 describes the overall properties of the 

complex. This means that the MST response is very sensitive to small changes to the complex 

when binding takes place. 

One of the advantages of MST is that by sampling FHot at different stages, different 

information can be extracted: By selecting the T-Jump region at about 1.5 seconds, changes in 

the environment of the fluorophore can be observed, or by waiting for the steady state, the 

thermophoretic properties of the whole fluorophore-containing complex can be observed. The 

steady-state region of the MST trace was previously considered the best practice region to 

use. As the prolonged heat exposure from the IR laser may influence the stability of 

complexes, the best practise analysis has been reevaluated, and is now considered to be the T-

Jump section.283 The steady-state region is now considered to be best to look at the stability of 

complexes.284 

For the experimental setup, the source of fluorescence must be at a fixed concentration. As the 

protein or enzyme usually is the fluorophore, the substrate concentration is varied over a 

series of dilutions. Each point is a separate sample in a capillary tube in the NanoTemper 

instrument, along with one sample each of only substrate and only target. The result from the 

MST run should be a sigmoidal dose-response curve that can fit into the hill model (equation 

(16)), where y0 is the response of the target on its own and Bmax is the difference between y0 

and the maximum response. MST can detect bindings all the way down to nM and pM ranges. 
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𝑦𝑦 = 𝑦𝑦0 + 𝐴𝐴𝑚𝑚𝑐𝑐𝑒𝑒𝐾𝐾𝐷𝐷[𝑃𝑃𝑖𝑖𝐿𝐿𝑐𝑐𝑖𝑖𝑙𝑙]
𝐾𝐾𝐷𝐷[𝑃𝑃𝑖𝑖𝐿𝐿𝑐𝑐𝑖𝑖𝑙𝑙]      (16) 

So far, not many studies use MST to investigate peptide-lipid interactions. One early study 

found the KD of a 13 residue AMP, L-RW, to DMPC and DMPG lipids in a series of different 

buffer conditions.100 The observed KDs were in the low μM range, which is typical for many 

peptides. The disadvantage of the study is that L-RW was covalently bonded to a bulky label, 

fluorescein isothiocyanate (FITC), to observe the binding. The label itself comes with its own 

physiochemical properties, which will likely influence the properties of the bonding, along 

with the properties of the complex itself. Therefore, a label-free method would be more 

practical. 
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2. Methodology 
The materials and methods used in this work have been thoroughly described in the papers 

and manuscripts. The following chapter aims not to repeat what is already available there, but 

to make some of the discussed topics more easily available and to add information that did not 

fit the publications. 

2.1 Synthesis of SMA-QA 

 
 
Following the procedure of Ravula et. al,285, 286 (2-aminoethyl)trimethylammonium chloride 

hydrochloride (9.38 mmol, 1.3 g) was added to a solution of styrene maleic acid anhydride 

(SMA, 1g) in anhydrous DMF (5 mL), followed by trimethylamine (56.7 mmol, 5 mL) upon 

which the mixture took a dark yellow colour. The reaction mixture was stirred at 70OC for 2 

hours, then cooled to room temperature, and precipitated with diethyl ether. The precipitate 

was washed 3 times with diethyl ether and dried in vacuo. The dried intermediate was 

dissolved in acetic anhydride (317 mmol, 30 mL), to which sodium acetate (8.05 mmol, 660 

mg) and triethyl amine (1.98 mmol, 200 mg) were added. The reaction mixture was stirred at 

80OC for 12 hours, cooled down, and precipitated in ether. The precipitate was washed 3 

times in ether and dried in vacuo. The product was then dissolved in water and passed through 

a Sephadex LH-20 column. The product was collected and then lyophilized to give a 

crystalline brown powder and confirmed by IR stretching frequency shift from 1774 cm-1 to 

1693 cm-1.  

 

2.2 Preparation of large multilamellar vesicles 

To a pear flask was added lipid (100 mg DMPC / 5.1 mg DMPG + 94.9 mg DMPC). 

Chloroform was added until all was dissolved. The solution was slowly evaporated on a 

rotavapor at an angle for 1 hour to make a thin film. The film was then lyophilized overnight 

to get rid of trace amounts of chloroform. The film was diluted to a 20 mM solution by adding 
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distilled water (7.15 mL). The solution was agitated with a Pasteur pipette to make sure 

everything was dissolved and homogenous, then transferred to 7 1 mL Eppendorf tubes. The 

tubes were freeze thawed three times by alternating between liquid nitrogen and hot water. 

The tubes were then stored in a freezer (-20°C) until needed. 

 

2.3 Preparation of nanodiscs 

SMA nanodiscs were prepared by adding an 8% SMA stock solution to the thawed lipid stock 

to a final concentration of 1% SMA.287 SMA-QA nanodiscs were prepared by adding a 100 

mg/mL SMA-QA stock to a final concentration depending on size goal (lipid:SMA-QA ratio 

of 1:1.5 for 10 nm discs; 1:1 for 20 nm discs; 1:0.25 for 30 nm discs). The combined 

SMA/SMA-QA and lipid mixture were incubated over night at room temperature and purified 

by SEC. Fractions containing nanodiscs were combined and concentrated using centrifugation 

filters. Total lipid concentration was determined by 31P NMR with 2 μL 5% Trimethyl 

Phosphate (TMP) as internal reference. Nanodisc size was confirmed using a Malvern 

Zetasizer Nano ZS (Malvern Panalytical Ltd, Malvern, United Kingdom). 

 

2.4 Preparation of stretching gel 

The method for preparation of stretching gels is based on the ratios from the published 

method of Tycko, Blanco, and Ishii,252 a list of tips from NewEra,288 in conjunction with own 

adjustments.289 

Gels were cast in room temperature in a Gel Chamber with an internal diameter of 5.4 mm, 

under a blanket of argon gas. 1% (w/V) ammonium persulphate solution was freshly prepared. 

One side of the gel chamber was covered with parafilm, and then acrylamide solution 

(acrylamide/bisacrylamide 19:1), 1% ammonium persulphate solution, N,N,N′,N′-

Tetramethylethylenediamine (TEMED), and H2O, were quickly added in that order under a 

blanket of argon gas. The polyacrylamide (PAA) gel was left overnight to set before it was 

carefully removed from the Gel Chamber with a Gel Press. Unreacted acrylamide was 

removed by adding the wet gel to a tube filled with H2O and left for a minimum of two hours, 

for a total of three times. The gel was then left to dry overnight at room temperature on top of 
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a piece of parafilm. The dried gel was dropped into a 2 mM solution of each cyclic 

hexapeptide in H2O/ D2O 90%/10% and 0.5% TMSP-d4 as internal standard. After about two 

weeks, the gels were fully stretched laterally, and NMR spectra were collected.  

 

Some observations made on gel preparation: 

• 1% (w/V) ammonium persulphate solution needs to be prepared freshly. Even just a 

week-old solution can cause the finished gel to be malformed or large parts of the gel 

to not set properly. 

• The water was added last as it is the biggest volume, so it will mix the ingredients 

thoroughly. Mixing in another order and shaking with parafilm on both sides also 

work, but the gel sets quick, and adding the water last to mix everything yielded more 

homogenous gels. 

• 1050 μL gel solution in the 5.4 mm Gel Chamber yields a gel that is approximately 4 

cm long. 

• NEVER touch the wet gel with gloves: It is sticky and will leave parts on the glove so 

that it becomes malformed if not destroyed. 

• The gel can dry malformed in a petri dish, but parafilm is slippery enough so that the 

gel dries into a more or less straight stick. 

Figure 17. (Left) The New Era gel transfer set used to transfer the PAA gel from the casting/swelling chamber, 
in the middle, to the open-ended NMR tube. (Middle) Two sticks of cast PAA gels after washing, ready for 
drying on parafilm. (Right) Dried PAA gel and stretched PAA gel in an open-ended NMR tube with a bottom 
plug and top rod, Eppendorf tube for scale. 
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• The open-ended NMR tube from NewEra has a tendency to crack when inserting the 

end plug, no matter how careful you are. 

• It might help running some water through the open-ended NMR tube before 

transferring the swelled gel from the gel chamber. That way there is less chance of the 

gel sticking to the walls. 

• You can insert the gel in the “bottom” part of the open-ended NMR tube, you do not 

need to push it through the whole open-ended NMR tube. 

• It is better to swell the gel in a normal NMR tube in a solution of your analyte. The 

open-ended NMR tubes are expensive and take long to arrive. 

• Liu et al. have produced two papers that are excellent step-by-step guidelines for how 

to prepare and obtain anisotropic NMR spectra in both LCs and SPs.183, 184  

 

2.5 Evaluating against computational data 

When evaluating computationally simulated conformers for chemical shifts or J-coupling 

constants, mean absolute error (MAE) is used.188, 290 

𝑀𝑀𝐴𝐴𝑀𝑀 =  1
𝑖𝑖
∑�𝑥𝑥𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑥𝑥𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�     (17) 
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3. Aims of the current thesis 
The project was focused on how to use NMR spectroscopy to extract configurational and 

conformational information of molecules in different environments. 

The main research aim: 

1. Investigate structural properties of peptides in different environments, including 

membrane model systems, using NMR spectroscopy. 

Secondary research aims: 

2. Investigate membrane mimicking models, such as nanodiscs and micelles, with varied 

lipid compositions as membrane models. 

3. Explore methods to extract key structural and dynamic parameters from membrane-

active, antimicrobial peptides (AMPs). 

4. Utilise data obtained by NMR in conjunction with computational methods. 
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4. Results and discussion 
 

4.1 Structure elucidation and antiproliferative activity of a new natural product, 

Commafric A (Paper I) 

Commifora africana is a plant that is used in a variety of natural medicine in broad parts of 

the African continent.181 Several natural products with medicinal use have been extracted 

from the plant already, with effects such as antitumor-, anti HIV-1, and analgesic activity. 

The resin of C. Africana was extracted, and two natural products were purified, Commafric A 

and α-amyrin. The latter was already known in literature and is thoroughly studied. The 

structure of Commafric A was mapped through a combination of MS, UV, and NMR. The 

relative configuration of most stereocentra were found by using NOESY/ROESY spectra and 

anchored by looking at the biological precursor.  

 

 

Figure 18. The full structure of the new natural compound (3S,4S,14S,7E,17E,21Z)-3,30-
dihydroxypodioda-7,17,21-trien-4-carboxylic acid (Commafric A). 

 

Unfortunately, it was not possible to crystallise for X-ray crystallography. The only part that 

could not be solved from NOE/ROE distances was the chirality of carbon number 14. 

Theoretical VCD spectra were simulated computationally by making 27 conformers for both 

the S- and R-configuration, focusing on the tricyclic system, while the tail (C14-C30) was not 

considered. Comparison of the theoretical and experimental VCD spectra seemed to prefer the 

S configuration of C14, but arguments could be made that parts of the different spectra 
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favoured either configuration (See Figure 19). 3JCH coupling constants were also inconclusive, 

while NOE distances slightly favoured the S configuration. 

 

 

Figure 19. VCD spectra calculated for the R and S C14 isomers (upper and middle panels, frequency 
scaled by 0.967) and the experiment (lower panel). Experimental wavenumbers are denoted in black, 
and selected bands are assigned identifiers denoted in red. Positive experimental bands are traced 
with red lines and negative experimental bands are traced with blue lines. Figure from paper I, 
reprinted with permission by Springer Nature, Dinku et al.71, 181 

 

From previous experience working with PBLG to extract RDCs and RCSAs in chloroform, it 

was decided that this technique was the best solution to extract the absolute configuration of 

C14. NMR spectra were acquired in chloroform to keep track of any changes in chemical 

shifts from the originally utilised dichloromethane. Subsequently, IPAP-HSQC spectra for 

RDCs and 13C spectra with TMS as an internal reference for the RCSAs were extracted, at 

increasing concentrations of PBLG (See Figure 15). By using the conformers made for VCD 

and NOE, the S configuration of carbon-14 was deemed a significantly better fit than the R 

configuration (Figure 20).  
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Figure 20. Comparison of RDC and RCSA data collected in PBLG of Commafric A, showing the S 
conformer as the preferred conformation. Figure from paper I, reprinted with permission by Springer 
Nature, Dinku et al.71, 181 

 

Note that as the PBLG concentration increased, the viscosity of the sample increases 

significantly, and a centrifuge is needed to be able to mix the sample back and forth in the 

NMR tube. The LC is too viscous to simply shake by hand. A hand centrifuge is very 

practical for this purpose, as it takes considerably shorter time to wind up and down than a 

traditional centrifuge, saving time during the mixing stage of preparing the LC. Another 

challenge encountered was that increased concentration of PBLG caused the lock to be 

troublesome to obtain, and it would sometimes be lost during a run. Additionally, there were 

trouble shimming properly. The problem with the lock stems from the anisotropic peak 

becoming prominent in the 2H spectrum and then the lock program not being able to properly 

select what signal to lock onto. Two ways to fix this is either to lock on a sample with only 

pure chloroform, and then changing back to the Commafric A sample without locking or 

shimming, or to use a special lock program where the initial 2H splitting was checked and a 

selective pulse for locking only one of the components of the quadrupolar doublet was used. 
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Figure 21. Three NMR samples with high concentrations of PBLG. After being held upside-down for 
five minutes, the solution slowly started to move (see the surface). 

 

When comparing the experimental RDCs and RCSAs to the conformers in MSpin, different 

selections of conformers were tested. From just the three most advantageous (energy-wise) to 

the full selection. Though the Q-factors changed slightly between selections, the result was 

always in the favour of the S-stereoisomer. 

Regarding TMS as an internal reference, work on PMMA stretching gel indicate that CCl4 is a 

slightly better reference, as there is no change in the shift for the reference.253 TMS has a very 

slight drift, but is often seen in a standard lab, is cheaper than CCl4, , and is also much safer to 

handle. The slight drift in chemical shift does not make up for the challenges of the alternative 

reference material CCl4. 

Antiproliferative activity was checked against four human cell lines and showed moderate 

activity against non-small cell lung cancer (A549), suggesting that Commafric A has the 

potential to be further optimised as a lead compound in the search for new anticancer drugs. 

Commafric A also was a good system to start working on with anisotropy, as a structured 

system to establish the techniques on. 
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4.2 LPS as an initial target and barrier for cationic AMPs (Paper II) 

As described in the introduction, AMPs are growing in interest as an alternative to classical 

antibiotic drugs.291 The largest class of currently investigated AMPs contain a significant 

fraction of cationic residues, especially arginine and lysine. Additionally, the antimicrobial 

peptide database APD3 shows that 80% of all AMPs contain at least one hydrophobic 

phenylalanine or tryptophan.66 

As the main mode of action of AMPs seem to be membrane disruption, the hydrophobic bulk 

is important for the interfacial interaction with the membrane. The interaction with 

lipopolysaccharides (LPS) from the Gram-negative bacteria is less investigated. LPS is a 

major component of the outer membrane of Gram-negative bacteria, and work as a barrier that 

any molecule needs to pass to interact with the membrane.  

Like Goldilocks in the fairytale wanted a chair, bowl of porridge, and bed that was “just 

right”, the peptide needs to have a hydrophobic:hydrophilic ratio that is “just right” so that the 

interaction with the LPS is strong enough for initial electrostatic interaction to be drawn to the 

bacteria, but not so strong that it binds too well to the LPS. 

A toolbox was presented, using SPR and live-cell NMR with a series of cyclic cationic AMPs 

(cAMPs) (Figure 22) and three E. coli strands, including LPS-deficient (NR 698) and LPS 

colistin-resistant (CCUG 70662) strains (Table 1). E. coli strand CCUG 70662 was cultivated 

in the absence and presence of colistin. In the presence of colistin, phosphoethanolamine 

added to the lipid A moiety of LPS, reducing the overall negative charge of LPS.292, 293 In E. 

coli strand NR 698, translocation of LPS from the periplasmic space to the outer leaflet is 

hindered, making the outer membrane structurally deficient.294 By having a series of strains 

with different modifications to LPS, the role of LPS to antimicrobial activity can be better 

defined. Additionally, different lipid models were used with increasing negative charge, from 

pure DMPC to DMPC/DMPG (95:5) and DMPC containing 10% LPS. Both the inclusion of 

DMPG and LPS allows for investigations towards the effect of charge, while also looking at 

the character of those charges.  
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4.2.1 Nuclear magnetic resonance 

Four cyclic hexapeptides were already chosen and utilised by DigiBiotics, due to already 

established knowledge on alternating versus clustered distribution of hydrophobic and 

charged residues,295-299 where the clustering of Trp and charged residues is shown to have a 

direct positive correlation to antimicrobial activity.90 

The structure of the five hexapeptides were elucidated using standard methods: The chemical 

shifts of the amino acids were found using a combination of COSY, HSQC, and TOCSY for 

the sidechains, and the quaternary carbons were found through HMBC, while the nitrogen 

signals were found through 15N-HSQC. The amino acid order was found by using NOESY 

signals between 15N-H and Hα. (Tables of all chemical shifts can be found in the supporting 

information of the paper). 
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Figure 22. The four cyclic hexapeptides (1-4) that were chosen by DigiBiotics as the main focus, 
together with a fifth, inactive peptide (5). Coloured red/orange—R/K, blue—W. Uppercase letters 
indicate l-amino acids, lowercase letters indicate d-amino acids. Figure from paper III, reprinted with 
permission by Springer Nature, Rainsford et al.71, 285 

 

A fifth peptide with a similar structure was chosen, which had proven to be a poor 

antimicrobial and lipid binder. 
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4.2.2 Antimicrobial activity 

The antimicrobial activity was tested against S. aureus, P. aeruginosa, and three strains of E. 

coli (Table 1). Clumped residues were found to be more effective than alternating, and Arg is 

more effective than Lys. Cultivating in the presence of colistin leads to an overall reduction in 

the negative charge of LPS, due to the addition of phosphoethanolamine to the lipid A moiety 

of LPS.292, 293 

The colistin-resistant strain CCUG 70662 is still susceptible to the hexapeptides after colistin 

cultivation has induced modification of lipid A. Colistin binds to LPS, displacing divalent 

cations from LPS, increasing the fluidity of LPS and causing major disruption of the lipid 

membrane. No change in activity against CCUG 70662+ with modified lipid A suggests the 

mode of action of the peptides is not directly related to lipid A binding. 

 

Table 1. MIC and ζ potentials for the tested peptides against P. aeruginosa, S. aureus, and the three E. 
coli strains: ATCC 25922, LPS deficient—NR 698, and colistin-resistant CCUG 70662, which was 
tested after cultivation with (+) and without (−) 4 μg/mL of colistin, which caused a decrease of 
negative charge of the cell wall. MIC values for P. aeruginosa, S. aureus, and E. coli ATCC 25922 are 
reproduced from Rainsford et al.285 Table from paper II, reprinted with permission by the 
Multidisciplinary Digital Publishing Institute (MDPI), Jakubec et al.71, 291 

 

 

4.2.3 Surface plasmon resonance 

Surface plasmon resonance (SPR) can be used to measure partitioning of small molecules into 

lipid bilayers. Liposomes are immobilised on the surface of the SPR chip, and AMPs are 

injected over the lipid bilayer at increasing concentrations. The measured response in the 

plasmon wave allows for determination of the partitioning constant KP and the dissociation 
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rate koff, along with making an estimate of the dissociation constant KD from the steady state 

data using a generalised binding model. kon can then be estimated from the relation between 

kD and koff (equation (11)). 

Lipid models were chosen as pure DMPC, DMPC:DMPG (95:5), and DMPC liposomes 

containing 10% LPS (isolates from E. coli O111:B4). DMPC liposomes represent neutral 

membranes such as those found in eucaryotic cells, making it a useful probe for lipophilicity 

of the peptides. Inclusion of 5% DMPG makes the net charge of the membrane surface 

negative, akin to a procaryotic membrane. Inclusion of the LPS in the membrane makes it the 

closest to the outer membrane of Gram-negative bacteria, as LPS is unique to those 

membranes. LPS also introduce an anionic charge through ketodeoxyoctanic acid 

components.300 Using these different lipid models allows for investigating into how AMPs 

interact with different membranes and how different charge interactions affect the binding. 

The measured KP for the different peptide-membrane combinations spans a wide range of 

values over three orders of magnitude (Figure 23). The peptide c(WWWRRR) interacts 

strongest with the DMPC lipid bilayer, while the negative control peptide c(LWwNKr) has 

the weakest interaction, as expected. The active peptides have KP values up to one order 

magnitude higher than the inactive peptide. Introducing the 5% DMPG into the bilayer 

doubles KP for all peptides, except for c(WKWKWK), where the increase less significant. 

The KP in DMPC liposomes follows the trend of the MIC against the Gram-positive bacteria 

S. aureus. The negative charge of DMPG and LPS both increase the affinity for the 

membrane, but all peptides except c(WWWKKK) saw a greater increase with LPS than with 

DMPG. c(LWwNKr) showed a four-fold increase in KP when LPS was introduced.  
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Figure 23. SPR results (A): Example SPR traces from c(WWWRRR) interaction (from 4 to 128 μM) 
with DMPC:PG liposomes. Red points indicate values used for steady-state fitting (to obtain KD and 
KP). The grey rectangle indicates the dissociation process, which is used to obtain koff, according to 
Figuera et al.301 (B): Partitioning constants KP. Full, empty, and grey bars correspond to DMPC, 
DMPC:PG (95:5), and DMPC:LPS (90:10) liposomes, respectively. (C): Dissociation rate koff. (D): 
Association rate kon, which is obtained by calculation using measured KD (Paper II, Figure S1). Values 
for DMPC and DMPC:PG interaction are reproduced from Rainsford et al.285 Figure from paper II, 
reprinted with permission by the Multidisciplinary Digital Publishing Institute (MDPI), Jakubec et 
al.71, 291 
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LPS did also not affect koff rate for any of the active peptides but increased the kon rate across 

the board. Meaning that LPS is a driver for initial interaction, but not the final destination, 

which remains the lipid membrane. c(WWWRRR) is observed to have the same MIC values 

as c(WWWKKK) towards all strains, even when the kon values for the former is higher and 

Lys is shown to be less destructive towards bacterial membranes than Arg. This result shows 

what is meant by the Goldilocks dilemma: c(WWWRRR) has a higher kon but lower koff than 

c(WWWKKK), which is mirrored in a similar MIC value. What this means is that 

c(WWWRRR) is more easily attracted to LPS but is hindered from passing on to the 

membrane surface as quickly. c(WWWKKK) has the best combination of kon and koff between 

the tested peptides, placing it in the Goldilocks zone; not too strong, and not too weak, but 

just right. 

Some care needs to be taken, though, as kon is based on the measured KD and koff. With a 

more complex membrane model, including more possible binding sites, the measured KD can 

be a composite KD from several different bindings, and therefore the estimated kon might be 

affected. 

 

4.2.4 Live-cell NMR 

Looking at the line shape in 1D 1H NMR can be used to investigate the same interactions, 

keeping the peptide concentration constant and adding in liposomes. The size of the AMP-

vesicle complex results in line broadening and signal loss. The signal loss can be quantified to 

estimate KD,302 as long as the exchange rate between the bound and unbound states are 

sufficiently slow. The results are in line with the SPR results, though with slightly different 

absolute values. 

The same method was used with E. coli strains for the lipids. There were significant 

differences between the different strains, showing the AMP:strain specificity. Both clumped 

peptides showed a decrease in KD when the lipid A part of LPS was modified, strengthening 

the idea that the interaction of the clumped arginine is mostly driven by hydrophobic 

interactions, while the alternating peptides are driven by charge interactions. c(WRWRWR) 

also seemed to show an affinity towards lipid A. 
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One thing to keep in mind is that this method assumes that the signal loss is solely dependent 

on binding. It can also be affected by relaxation as an effect of exchange within the NMR 

time scale (kex) (equation 18), where faster exchange will make more of an impact. SPR 

showed that all five tested peptides have relatively slow off-rates (koff < 10 s−1). Therefore, the 

contributions from the on/off-exchange process are not expected to significantly affect the 

signal loss. Chenal and colleagues have extracted KDs in peptides bound to membranes using 

similar parameters, showing that they are decent assumptions to make.303 

kex = [PL]koff + kon*[P][L]     (18) 

where [P], [L] and [PL] are concentrations of free peptide, free vesicle and peptide-vesicle 

complex, respectively.304  

This work shows that simple models show simple, straightforward answers. Unfortunately, 

real bacteria are complicated, which results in a more complex result when LPS is introduced, 

or when bacteria are used. This is a field that still needs a lot of work and investigations into 

all aspects of it. 
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4.3 Peptide-lipid interactions (Paper III) 

A low-threshold method that does not require labelling to explore peptide-lipid interactions is 

a very useful tool. Nanodiscs and peptides are produced in small quantities, while also being 

necessary for different experiments, favouring experiments that use small quantities. 

Additionally, the newly established, positively charged SMA-QA nanodiscs, makes for a 

good system to investigate to what degree a positive or negative charge of the polymer that 

keeps the nanodiscs together effects binding. 

 

4.3.1 Synthesis of SMA-QA 

Ravula et al. describe three methods of synthesising SMA-QA, with small variations mostly 

to temperature and time. The most successful synthesis came when replicating the conditions 

from the figure within their first article focusing on SMA-QA nanodiscs.286 

The biggest challenge in synthesising SMA-QA was the purification: The procedure 

documented by Ravula and colleagues286 utilises a column with Sephadex-LH20 packing 

material, a crosslinked dextran-based resin. At the time of synthesis, the production of this 

material was discontinued, and only expensive rest-stocks were available. An attempt was 

therefore made on using the non-purified product, to control if the purification was necessary. 

When mixing lipids and the impure SMA-QA stock, the lipid solution became clear, 

indicating that nanodiscs had formed. The resulting batches were attempted purified by size-

exclusion chromatography (SEC), but the instrument showed no signals corresponding to 

nanodiscs or polymer, most probably because the amount of polymer used made the solution 

too diluted so that the polymer was not registered by the UV or charge measurements in the 

SEC instrument. The challenge with using the non-purified SMA-QA polymer is that the size 

of the SMA-QA nanodiscs are closely related to the ratio between polymer and lipid, and 

working with an impure product will influence the ratio to an unknown amount. 

One of the reasons why the assembled discs could not be collected could be because they 

were too diluted. As it was a new system, only small amounts were used at any time, so not to 

waste valuable material. During more concentrated runs later on, it was observed that the 

SMA-QA polymer has such an intense dark brown colour, even in solution, that when 

purifying SMA-QA nanodiscs on the SEC column, a brown band can be followed visually on 
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the column, which elutes considerably later than the discs and any unused lipids (Figure 24). 

In the end, the Sephadex-LH20 packing material was acquired and used in the same way as 

silica in a standard column chromatography utilised in synthetic chemistry. SMA-QA 

dissolved in water is simply passed through the column, with water as the solvent. As SMA-

QA has a dark, brown colour, it is easy to follow as it moves through the column, and only the 

resulting brown fractions were collected and lyophilized to make large, reflective, dark brown 

crystals. 

 

  

Figure 24. SEC chromatogram showing the UV signal (blue: 254 nm, red: 280 nm) and conductivity 
(yellow line) from the purification of SMA-QA nanodiscs of approximately 30 nm diameter. The first 
peak is SMA-QA nanodiscs, the second is unused lipid vesicles, and the last peak is unreacted SMA-
QA polymer. Note the large dip in conductivity when the SMA-QA polymer passes through. 

 

The original articles only show the FTIR and ssNMR spectra. Due to no access to ssNMR, 

SMA-QA was ordered to be used as reference material through BioNordica AS (produced by 

anatrace). By comparing the FTIR spectra of the starting material, SMA anhydride, to the 

locally synthesised, and the purchased SMA-QA, it was concluded that the polymer has 

successfully been synthesised and purified (Figure 25). 
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Figure 25. TOP: FT-IR spectrum of SMA anhydride, the starting material for the synthesis of SMA-
QA. MIDDLE: FT-IR spectrum of SMA-QA, synthesized from SMA anhydride. BOTTOM: FT-IR 
spectrum of SMA-QA, bought from BioNordika AS, and produced by anatrace. Figure originally 
printed as Figure S8 in supporting information in Paper III,71, 285 but was remade here for better 
resolution. 
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4.3.2 Preparation of nanodiscs 

The synthesis of SMA nanodiscs with either purely DMPC or DMPC:5% DMPG followed 

already established procedures.287 

Originally, the LUVs were passed 15 times through an extruder, though there were some 

problems with the equipment leaking too much material (between 20 and 100%), so a 

decision was made to stop using the extruder. This did not result in any major changes in the 

finished nanodiscs. Additionally, it was investigated whether adding the SMA-QA polymer 

before or after freeze-thawing the LUV solution displayed any differences to yields or sizes of 

the nanodiscs, but no major changes were observed. 

The size of the nanodiscs were checked at both 25°C and 30°C. The former for reference to 

the NMR spectra, and the latter to find the amount of lipids per disc, as the reference size of 

PC lipid heads are at 30°C.305-307 The thickness of the SMA polymer is estimated to be 0.9 

nm.308 To our knowledge, the thickness of the SMA-QA polymer has not been instrumentally 

measured, so we used the same value as the SMA polymer as an estimate. 

 

4.3.3 Microscale Thermophoresis 

As an initial investigation into the interaction between AMPs and lipids, microscale 

thermophoresis (MST) was chosen as a quick and material-efficient tool. The question of how 

the difference in charge between nanodiscs made with SMA and SMA-QA polymers would 

affect the binding was also raised. 

The AMPs utilised by DigiBiotics are all Trp rich (Figure 22). The intrinsic fluorescence of 

Trp therefore make MST a well-suited method for investigating these peptides, as they do not 

require any external labelling that might otherwise affect the peptides or membranes. A fifth 

peptide was chosen as a negative control, as it was previously shown to not have any observed 

activity against E. coli or S. Aureus (Table 1).285, 291 Surface plasmon resonance (SPR) was 

also used as an established method to evaluate the validity of the results gained by MST. 

For the vesicles and discs, pure DMPC and DMPC with 5% DMPG were chosen as the model 

systems to investigate what effect a small negative charge has on the binding of peptides. The 
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SMA nanodiscs were explored in some preliminary tests, and the results indicated that the 

negative charge of the polymer affected the binding through electrostatic interactions. 

Positively charged SMA-QA based nanodiscs were chosen as a counterpoint to examine the 

effects of charge on the binding.  

 

4.3.4 KD comparison 

The MST instrument was designed for obtaining KD, which makes the dissociation constant 

fairly easy to obtain from the instrument. Yu et al.100 proved that the method can be used to 

obtain KD for labelled AMPs. KDs for vesicles and the two different nanodisc systems were 

acquired by following the best-practise protocol, using the T-jump section (1.5 seconds) of the 

MST trace (summary in Table 2). 

 

Table 2. Summary of KD determined using SPR and MST. Errors represent the standard deviation of 
the triplicates. Where KD is preceded by ‘>’, the value represents a minimum value due to insufficient 
curve sampling and no error is reported. Table from article III, reprinted with permission by Springer 
Nature, Rainsford et al.71, 285 

Peptide 

SPR (KD mM) Vesicle (KD mM) SMA-QA (KD mM) SMA (KD mM) 

DMPC DMPC/PG DMPC DMPC/PG DMPC DMPC/PG DMPC DMPC/PG 

c(LWwNKr) 2548 ± 493 1033 ± 58 > 670 >650 - >1000 - - 

c(WKWKWK) 712 ± 27 474 ± 45 282 ± 58 112 ± 29 >713 - 8.6 ± 0.5 9.8 ± 0.3 

c(WRWRWR) 318 ± 62 105 ± 7 73 ± 53 24 ± 7 >541 >615 2.7 ± 0.5 5.6 ± 1.1 

c(WWWKKK) 302 ± 32 112 ± 15 28 ± 3 17 ± 13 267 ± 47 145 ± 55 1.1 ± 0.3 1.1 ± 0.5 

c(WWWRRR) 142 ± 35 70 ± 1 21 ± 3 10 ± 5 142 ± 17 40 ± 5 1.2 ± 0.5 2.2 ± 0.4 

 

The results from MST agree with the results from SPR and literature,276, 309 showing that KD 

is reduced with anionic lipids (DMPG), indicating better binding. The lipid vesicles show 

sigmoidal-like response curves, as expected. The nanodiscs are largely likewise, with some 
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major differences, though; The curve of SMA nanodiscs is shifted to the left, to lower peptide 

concentrations, while the curve of SMA-QA is shifted so far to the right, to higher lipid 

concentrations, that it becomes impractical to check the full sigmoidal curve due to increased 

possibility for turbidity and light scattering effects. This means that the AMPs bind best to 

SMA-nanodiscs, then vesicles, and worst to SMA-QA nanodiscs. Though the bindings are 

still below the mM range. 

The reason why the SMA nanodiscs bind AMPs so well can partially be explained by looking 

closer at the response curve itself: There is a second dip after the initial binding, which is 

common with higher order bindings. The most plausible explanation is that the peptides bind 

directly to the SMA polymer itself before they are released and bind to the disc proper. The 

experiments with only free polymer and peptide and demonstrate that the binding of the 

AMPs to the SMA polymer is comparable to the initial binding to the SMA nanodisc. The 

SMA-QA polymer, on the contrary, binds weaker to the AMPs than the SMA-QA disc itself. 

The clear difference between the two polymers can be contributed to the charges of the 

polymers themselves, where SMA has anionic charges (at pH 7.4) that causes electrostatic 

attraction while SMA-QA has positive charges that causes static repulsion. 

The KDs observed through MST show the same relative results as SPR and MIC: 

c(LWwNKr) has a significantly higher KD than the other four peptides; the clustered Trp 

peptides show a significantly lower KD than the alternating peptides; Arg show lower KD than 

Lys. In short, c(WWWRRR) > c(WWWKKK) > c(WRWRWR) > c(WKWKWK) > 

c(LWwNKr). The KDs from the SMA-QA nanodiscs also correspond well to the results from 

SPR, but when the concentrations approach the mM region, the data sets are not sufficient to 

give reliable results, which resolves as large errors. This is because the interaction with the 

SMA-QA nanodiscs are too weak to be properly sampled under the mM range, where the 

turbidity starts causing errors through light scattering. 

Looking at lipid composition, the presence of DMPG lipids decreases the KD for all peptides 

by a factor of two when the full sigmoidal curve can be sampled. The results are in line with 

results from literature, showing that AMPs can bind in the low µM range to both vesicles and 

nanodiscs in the presence of anionic lipids, while the binding is weaker in zwitterionic 

membranes. 
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4.3.5 KP and fluorescence intensity 

KP (Partition coefficient) is a measure of how a molecule favours a lipophilic environment 

over an aqueous one, with a high KP indicating that it has a high lipophilicity. It is measured 

through the change in fluorescence intensity of a fluorophore as it moves into a lipid 

environment. Single wavelength fluorescence intensities are measured at the beginning of the 

MST trace as “initial fluorescence”, and no extra acquisition time is needed. As KP and KD are 

complimentary, an instrument that can acquire both simultaneously is a great strength. To our 

knowledge, this is the first attempt at using MST to acquire KP.  

KP was extracted by fitting the acquired data to the hyperbolic curve, after removal of non-

hyperbolic points: 

 
𝐼𝐼
𝐼𝐼𝑐𝑐𝑎𝑎

= 1 +
�𝐾𝐾𝑒𝑒𝑉𝑉𝑚𝑚[𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿] 𝐼𝐼𝑃𝑃𝐼𝐼𝑐𝑐𝑎𝑎

�

1 + (𝐾𝐾𝑃𝑃𝑉𝑉𝑚𝑚[𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿]) 

(19) 

 

where (I) is normalised to the fluorescence intensity of the AMP in an aqueous environment 

(Iaq), Vm is the molar volume of the lipids (the volume of one mole lipids) and IL is the 

fluorescence intensity of the AMP in the lipid environment. For Vm, the average molar volume 

of the lipid composition is used. In the case of the DMPC only environments, Vm is taken as 

the Vm of DMPC (1.023 nm3), and in the DMPC-DMPG mixture Vm is the weighted average 

relative to the composition used (Vm DMPG =0.997 nm3).307  

The collected data for the lipid-only blanks showed a linear increase in signal in the mM 

concentration range, showing that turbidity has the same effect on KP as with KD. The 

nanodiscs show the same linearity, but with more intense signals. SPR derived KP follows the 

same trend as KD, that clustered Trp is better than alternating, and Arg is better than Lys. 

MST derived KP is inconsistent with SPR and MST derived KD. 

There are several possible reasons for the inconsistency. Deviant points are excluded from the 

fit, which increases uncertainty and error of extracting KP. The hyperbolic shape is best 

described by the initial points, but those points are also the most affected from the high 

peptide-lipid ratios. For SMA-QA nanodiscs and LUVs, only 4-5 points were left in the end, 

after most points had to be removed due to a bad fit with the hyperbolic curve. 
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Label-free MST relies on intrinsic fluorescence of Trp, which is affected by static and 

dynamic quenching at different levels and may experience blue-shift, modes of binding, and 

tendency to self-aggregate. A significant blue-shift will displace the signal maximum away 

from the static detection frequency of the instrument, resulting in the detected signal being 

lower than expected. 

To conclude, MST is currently unreliable to acquire KP, but newer NanoTemper instruments 

employ a spectral shift technology that could alleviate the observed issues, encouraging 

further exploration in the field. As KP can be extracted from the same raw data as KD, without 

using any extra material or time, this is very promising. 

 

4.3.6 Comparison between vesicles and nanodiscs 

Major differences between the different lipid systems needs to be addressed to avoid any 

biased conclusions that arise from using multiple systems. The vesicles have a diameter of 

140 nm, being packed with 200,000 lipids. Meanwhile, the 22 nm DMPG SMA-QA 

nanodiscs have approximately 1300 lipids, in addition to the polymer itself. The AMPs have 

weights between 884 and 1027 Da, meaning that the binding of AMP to the lipid system 

yields very different relative contributions to the total weights of the AMP-lipid complexes. 

Additionally, the discs have all lipids available for binding while only the outer layer of the 

vesicles are available. The opposite charges of the two different polymers might influence the 

availability of the outermost lipids, though. 

Peptides have shown a preference to bind to curved objects as the curvature itself causes the 

lipid packing to have defects. The vesicles are curved and in the liquid-ordered phase at 25°C, 

close to the phase transition temperature (Tm) of DMPC at 24°C.307 Contrary to this, the 

bacterial membrane is planar on the local level, which is the same as nanodiscs. The SMA 

nanodiscs are also less tightly packed than the vesicles, and have a reduced melting point.310 

The middle lipids are in a more ordered phase,311 while the outer lipids are perturbed by the 

styrene groups of SMA, making them more disordered.310 The SMA-QA nanodiscs are 

expected to behave similarly here. As the AMPs favour lipids in the disordered phase, a 

heterogeneous distribution of AMPs across the nanodiscs is expected. 
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There is an expectation that the charge is a large contribution to AMP packing. The positive 

charge of the SMA-QA polymer might actually repel the positively charged AMPs away from 

the most disordered part of the nanodiscs into the less favoured ordered lipids. 31P NMR 

showed that the DMPG percentage for the SMA and SMA-QA discs where 2.7 and 4.5, 

respectively, from the initial 5% before nanodisc formation, indicating that the charge of the 

polymer affects the amount of negatively charged lipids in the nanodisc. In addition, the 

different amount of DMPG between the two different nanodiscs will affect the net charge of 

the membrane surface, affecting the peptide binding. The charge might also affect the 

placement of the negatively charged lipids, causing another form of heterogeneity within the 

discs. In other words, the negatively charged SMA nanodiscs induce the negatively charged 

DMPG lipids to make up more of the middle part of the nanodisc. Meanwhile, the positively 

charged SMA-QA polymer induce the negatively charged DMPG lipids to make up more of 

the outer part of the nanodisc. The result is more of the SMA nanodisc to be favourable for 

the AMPs, and less of the SMA-QA nanodisc to be favourable for the AMPs. 
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Figure 26. Visualisation of the difference in shape and characteristics of the lipid models and how this 
impacts the interactions of antimicrobial peptides. Note how the AMPs move to different sections of 
the nanodiscs. Figure from article III, reprinted with permission by Springer Nature, Rainsford et al.71, 

285 

 

The interaction between AMP and SMA-QA is 4-10 times weaker than the same for the 

vesicles. The curvature of the vesicles, the repulsion from SMA-QA polymer, the lessened 

availability of the disordered, and possibly negatively charged, lipids in the nanodiscs could 

explain that difference. 

In the end, SMA-QA nanodiscs are able to reproduce the bindings observed in SPR for the 

stronger binding AMPs reasonably well. Conclusively, SMA-QA nanodiscs are good 

representative model systems for AMP-lipid interactions, keeping the drawbacks in mind. 

Considering MST as an easy-to-use method with low cost in terms of materials, this is a very 

useful method to investigate peptide-lipid interactions. One drawback of the MST method is 

that as the peptide concentration is kept constant, concentration-dependent interactions, such 

as self-aggregation, cannot be observed. 
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4.4 Cyclic Tetrapeptides containing a β2,2-amino acid (Paper IV) 

Nine cyclic tetrapetides were synthesised with Lys, Leu, Arg, and Phe in different positions, 

including variations between L- and D-enantiomers (See Figure 2 in paper IV).312 Common 

between them all was the α,α‐disubstituted β2,2-amino acid containing two 4-

(trifluoromethyl)benzyl sidechains, termed β2,2. 

All peptides were tested against Gram-positive and -negative bacteria, in addition to 

haemolytic toxicity against human red blood cells. Changing amino acid enantiomer did not 

change the antimicrobial activity, but D-Arg and -Lys analogues were considerably less 

haemolytic than their all-L counterparts, suggesting that the mode-of-action is driven by 

physical properties rather than a specific interaction. Changing the stereochemistry of one 

cationic residue, in addition to the amphipathicity, can serve to reduce haemolytic toxicity. 

Substituting Leu with the bulkier Phe residue could improve antimicrobial activity, though the 

effect on toxicity may vary. 

For SPR, DMPC with and without 10% (w/w) E. coli O111:B4 LPS was utilised. Again, D 

variants of Arg and Lys show a higher KP, or preference towards the DMPC lipid 

environment. Inclusion of LPS resulted in an overall decrease in KP of most of the cyclic 

tetrapeptides. This can indicate a more efficient translocation of the cyclic tetrapeptides 

through the outer membrane, but also reduced activity against Gram-negative bacteria. 

koff was unaffected by inclusion of LPS, indicating that the dissociation was significantly 

faster from LPS than the membrane, making the membrane the major site for retention. This 

is consistent with the results discussed in Paper II (chapter 4.2.3 Surface plasmon resonance), 

where LPS was shown as an initiator for AMP interaction to lipid membranes. A connection 

between retention of the peptides in the bilayer and haemolytic toxicity was also observed. 

 

4.4.1 Backbone conformation 

Cyclic tetrapeptides are known to be very hard to synthesise, partly due to having a rigid 

backbone conformation.313 Both resulting from only 12 atoms in the ring, on top of the 

restrictions from the semi-locked amide bonds. Introducing a 13th atom in the ring in the form 

of exchanging one of the natural amino acids with a β2,2-amino acid makes the synthesis 
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easier, which brings the question of whether it also opened for more flexibility in the 

backbone conformation. 

The backbone conformation controls the overall structure of the peptide. Following, as part of 

the investigation into antimicrobial peptides, it is interesting to investigate what role the 

amino acids themselves have, and to what extent the order makes a difference. A selection of 

cyclic tetrapeptides with varying amino acid sequence and configuration were chosen. 

Secondary chemical shifts comparison is a well-documented method for predicting the 

secondary structure of peptides and proteins. The method is normally applied to larger, linear 

peptides or proteins, and the reference values only include natural amino acids. It is known 

that aromatic residues have a long-range effect on chemical shifts, especially on protons. 

Therefore, peptides were analysed as linear peptides with two phenylalanines on each side, to 

mimic the effect the non-natural β2,2-amino acid would have on the rest of the system. With 

these accommodations, it is not possible to predict a secondary structure of alpha helix or beta 

sheet, which also would not make sense for a cyclic peptide with four amino acids. Using 

secondary chemical shifts instead produce more manageable numbers to work with compared 

to direct comparison of the chemical shifts: Instead of having big differences between the 

carboxyl carbons and alpha protons, they can all be compared with only small differences in 

ppm. The secondary chemical shifts allow for comparing the chemical shifts to a predicted 

mean. 

Three different methods by Kjaergaard et al.,204 De Simone et al.,207 and Tamiola et al.208 

were compared. The resulting secondary chemical shifts did not differ significantly, so only 

one set was included in the publication for simplicity. Kjaergraard et al. include correction 

factors for the two preceding and two following amino acids, which in this case would best fit 

with the long-range aromatic residue effect from the β2,2-amino acid. 

 

Cross-relaxation rates were collected through NOESY experiments for the Arg containing 

peptides, and ROESY for the Lys containing spectra. 3JHH-couplings were collected from 1D 
1H NMR coupling patterns and E.COSY spectra. 



75 
 

Secondary coupling constants, J-couplings, and NOE distances did not show any major 

changes in backbone conformation for the four peptides, regardless of the order of amino 

acids or even the configuration of said amino acids (D vs L). Concluding, even though the 

synthesis of the cyclic tetrapeptides becomes significantly easier with the more flexible β2,2-

amino acid, it is not flexible enough to allow for variation in the backbone conformation. 

These observation builds up on the notion that it is not the 3D structure, but the composition 

of the AMPs that direct their abilities. 
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4.5 Conformational studies of cyclic hexapeptides using VCD and NMR (Paper V) 

VCD has been proven to be highly sensitive to backbone conformation of peptides and 

proteins and has been used to investigate the absolute configuration of chiral molecules.289 

Even with cyclisation, hexapeptides still possess significant conformational flexibility. VCD 

shows that the backbone conformation of the four hexapeptides does not change considerably 

between them, so the backbone is not influenced significantly by the amino acid sidechains. 

An extensive conformational search needs to be done before calculating IR or VCD spectra or 

NMR data. CREST (Conformer-Rotamer Ensemble Sampling Tool) has been developed for 

that purpose. One initial issue is that the four cyclic hexapeptides have longer and charged 

sidechains, compared to what CREST was made for. To validate the method, CREST is 

compared with a classical molecular dynamics (MD) method, using VCD spectra and various 

data obtained by NMR: J-coupling constants, anisotropic parameters, and chemical shifts. 

There are two major differences between MD and CREST: CREST uses an implicit solvent 

model during the simulation, while MD place explicit solvent molecules which allows for 

specific solvent-solute interactions to be explicitly accounted for. MD also provides statistical 

averaging of conformations observed during the simulation run, while CREST uses energies 

and Boltzmann averages to identify important conformations. 

For VCD in D2O, CREST and MD result in different spectral patterns. The backbone 

conformations are generated mostly through hydrogen bonding between carbonyl oxygens 

and amide hydrogens. The absence of explicit water molecules in CREST causes a strong 

preference for hydrogen bonding between the carbonyl oxygen in the backbone and the Lys 

amino group hydrogens, which again has a considerable influence on the backbone 

conformation.  

Structures were additionally simulated in DMSO, to see if CREST fared better in organic 

solvents. DMSO is a strong hydrogen bond acceptor interacting strongly with amide and 

amine hydrogens of the peptide backbone and polar side chains. In contrast to water, it lacks 

hydrogens which can participate as hydrogen bond donors with carbonyls on the peptide 

backbone. Again, CREST and MD produce quite different spectra: Lys and carbonyl oxygen 

on the backbone form hydrogen bond interaction. MD, in the meantime, has the sidechains 
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going out from the backbone. These differences cause big differences in the backbone 

conformation. 

NMR support the findings, that MD produce significantly better conformers that reproduce 

experimental results (Table 3-Table 5). The NMR data is more thoroughly discussed below, 

and tables with raw data can be found in the manuscript supporting information. 

 

 

Table 3. Mean absolute error for chemical shift comparison of c(WKWKWK). Table from supporting 
information of paper V, printed with permission.289 

Mean absolute error for  
chemical shift comparison of c(WKWKWK)   

Solvent Spectrum 
Full peptide Backbone only   

CREST MD CREST MD   

water 
1H 2.468 0.862 2.539 0.53   
13C 14.875 8.108 15.812 7.758   

DMSO 
1H 0.756 0.536 0.605 0.478   
13C 7.026 6.291 7.972 6.293   

 

Table 4. Summary of Q-factors obtained from comparing RDCs and RCSAs to computational 
conformations of the four cyclohexapeptides. Table from supporting information of paper V, printed 
with permission.289 

Q-factors from RDC and RCSA in water 
  

Peptide MD CREST   
c(WWWKKK) 0.971 0.965   
c(WKWKWK) 0.990 0.996   
c(WWWRRR) 0.991 0.992   
c(WRWRWR) 0.964 0.985   
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Table 5. Mean absolute errors from comparing theoretical and experimental 3J H(N)-Cα-H Coupling 
constants for the four cyclic hexapeptides in water and DMSO. The spectral quality for c(WWWRRR) 
in DMSO was not good enough to extract any values. Table from supporting information of paper V, 
printed with permission.289 

  Water DMSO 
Peptide CREST MD CREST MD 

c(WWWKKK) 1.33 1.78 0.92 1.55 
c(WKWKWK) 1.65 1.27 1.54 0.56 
c(WWWRRR) 2.05 1.25 1.60 0.69 
c(WRWRWR) 1.44 2.01 1.20 0.73 
 

 

4.5.1 Anisotropy 

The first step in transferring the accumulated experience with anisotropic NMR measurements 

to the cyclic hexapeptides in water was to find a fitting anisotropic medium.  

Pf1 bacteriophages were the first alignment media candidate, but a cloudy precipitate would 

form once the peptides were added. One plausible explanation is that Pf1 bacteriophages are 

very electronegative,247 which make for powerful electrostatic interactions when combined 

with the highly positively charged peptides. The resulting complex then precipitates out of the 

solution. 

The next idea was to use the functionalised graphene oxide system for anisotropy 

measurement in water, explored by the group of Gotfredsen.251 The graphene oxide was tested 

with a range of cyclic peptides, including peptides 1-4. No alignment measurements could be 

obtained in the system. At the minimum graphene oxide concentration needed for alignment, 

there would be precipitation the moment peptide was added. Likewise, when starting with a 

high enough peptide concentration to run NMR spectra, precipitation would occur the 

moment graphene oxide was added. 

Testing was continued to search for any trends. Exploratory titration revealed that Trp rich 

peptides precipitate at lower concentrations than peptides with less Trp. This led to the 

suspicion that there were some π-π interactions. To our knowledge, there is no work on 

exactly how the graphene oxide is oxidated. The working theory in Gotfredsen’s group is that 

there is a combination of different oxidation levels. The oxygens are included as a variation of 
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hydroxide-, carboxyl-, carboxylic acid-, and ether-functionalisation, including some 

possibility of trapped oxygen. This again leaves large areas of the graphene oxide in its 

original state as graphite, with large, conjugated π-systems. When the Trp rich peptides get 

into contact with these areas, they form strong π-π interactions, and precipitate out of the 

solution. That meant that the graphene oxide unfortunately was not a fitting system for the 

DigiBiotics peptides. 

Instead of continuing to look for fitting LCs, a decision was made to utilise a polyacrylamide 

(PAA) stretching gel. The casting of the gel itself was based on the content proportions from 

the work by Tycko, Blanco, and Ishii,252 aided by a list of tips from NewEra.288 The main 

problem with the method is that there seems to be little documentation on the practical how-to 

steps. Some of the lessons learned are listed in chapter 2.4 Preparation of stretching gel (page 

46). 

There are several ways of stretching the gel (swelling): it can be swelled in the New Era 

swelling chamber, which is a relatively quick process of only one to two days; it can be 

swelled vertically within the NMR tube, a slow process that can take several weeks; it can be 

swelled radially, which is considerably quicker than vertically.188 Swelling in the New Era 

swelling chamber was attempted first, but several issues were initially encountered with the 

procedure: the gel might break upon transfer into the open-ended NMR tube; the open-ended 

NMR tube might break when inserting the end-plug; the wear and tear on the equipment, 

especially the o-ring on the piston, is considerable, and ordering replacement parts from New 

Era (France) is costly and time-consuming. As an alternative, radial and vertical swelling 

inside the NMR tube was tested in parallel. 

For the radial swelling, the PAA stretching gel was cast in a 3 mm NMR tube. To obtain the 

gel, the NMR tube was smashed. At this point, the gel should be left to dry before removing 

from the glass remains, as the gels are more fragile in their swelled state. By carefully 

removing glass parts away from the gels, two out of four gels were successfully obtained. The 

last two cracked and broke upon removal from the tube remains, as they were extracted before 

fully drying. The thin tubes were coerced to swell radially in a 5 mm NMR tube by inserting a 

silicone plunger all the way down to the top of the gel stick. The stick had unfortunately 

swelled vertically by forming a spiral within the confines of the tube within the next day. 
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Fortunately, there was enough time for vertical swelling, and previous experiments had 

proved that the peptides were stable in water for long periods of time (no discernible changes 

over three years in NMR tubes). This worked without problems. The signals from the PAA 

gel have strong 13C- and 15N signals. Therefore, no 15N-HCQC IPAP signals of the backbone 

or sidechains of the four peptides could be obtained at natural isotope abundance. The 13C 

NMR signals of the PAA gel also eclipsed the carbonyl signals, but fortunately, not many 

other 1D 13C signals. Most of the RCSAs and some 1H-13C RDCs could then be obtained. 

Unfortunately, there are few signals on the backbone itself, meaning the anisotropic data is 

not widely useful for backbone conformational analysis. RCSAs were extracted from the 

carbonyls, alpha-, and beta carbons, in addition to the RDCs for the alpha- and beta C-H 

bonds.  

Another potential issue is that the computational simulations are operating with a single 

alignment tensor. The conformers were mainly created with VCD spectra in mind, and the 

NMR parameters were simply calculated from the structurally optimised conformers. The fact 

that the NMR parameters were not utilised as constraints when optimising the conformations 

could explain some of the poorer fits. There is also the question if the molecule being 

relatively flat would affect this sampling in any way, as a planar molecule will have redundant 

RCSAs and the handling of RDCs becomes problematic. 

 

4.5.2 J-coupling  

Several different 2D methods were applied to attempt to extract the J-couplings from the 

AMPs, especially the 3J H-N-Cα-H coupling constant would be useful for finding the 

backbone angles. Unfortunately, none of the methods attempted gave any spectra with 

sufficient spectral resolution or signal-to-noise ratio to find the couplings. The same methods 

were tested on strychnine as a sample molecule, and the J-couplings could be extracted here. 

The conclusion was that a series of reasons partly explain why: the water suppression might 

have interfered with the signals from the peptides; the concentration in the strychnine sample 

was several times higher during tests; some intrinsic properties of the sample may have made 

the methods unfit, such as the flexibility of the backbone. The issue was not pursued further, 

as obtaining the J-coupling constants from the peptide was not within the scope of the thesis. 
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The end goal was to be able to compare structural information in solution and inside of the 

SMA-QA nanodiscs, and J-coupling constants were not expected to be measurable in the lipid 

environment. 

The backbone J-couplings were extracted from 1D 1H NMR spectra. For a few less resolved 

signals, the coupling constants were found by lineshape fitting from a high resolution and zero 

filled 15N-HSQC F2 slice. 
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4.6 Peptide conformations by NMR (Paper VI) 

NOE cross-relaxation data was extracted from NOESY spectra in water, while DMSO and 

SDS required ROESY spectra due to intermediate tumbling rates. Distances were extracted 

through Dynamics Center where distances were referenced by the ortho aromatic protons on 

the Trp sidechains furthest from the diagonal, and referenced to the other ortho aromatic 

protons at 2.46 Å,179 in addition to the diastereotopic geminal protons at 1.75 Å where 

possible. Peptide c(WWWRRR) in DMSO had many overlapping peaks, so all the ortho 

aromatic proton peaks were sampled and the average intensity of those were used to set the 

reference distance. The same peptide in SDS had even more overlaps, so only qualitative data 

(weak, medium, or strong) were collected. 

All cross peaks were referenced to their corresponding connections through chemical shifts. 

Overlapping peaks caused several intramolecular interactions to be possible, and they were 

noted down before they were used to make an input file for molecular modelling. 

Structures calculations of c(WWWRRR) and c(WWWKKK) in water, DMSO, and SDS 

micelles were performed using X-PLOR. Initially, only NOE derives distances were used as 

constraints. Scalar couplings were subsequently added as constraints. The ten lowest energy 

conformations were averaged and are presented in Figure 27. 
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Figure 27. Averaged top ten conformers of peptides c(WWWRRR) and c(WWWKKK) in water, DMSO, 
ands SDS micelles. Figure reprinted from Supporting Information of Paper VI. 

 

Both peptides adopt conformations consisting of two β-turns, occurring between two Trp and 

between two Arg/Lys. The backbone conformation remains mostly rigid between the different 

environments, while the sidechains are more flexible. The MIC values are different between 

the two AMPs (Table 1), once again pointing to amino acid composition as a stronger driver 

for antimicrobial resistance than backbone conformation. 
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4.7 Alignment of SMA-QA nanodiscs (Paper VI) 

  
Ravula et al. present self-aligning discs based on the SMA-EA or SMA-QA polymers.286, 314-

316 They report that the alignment of nanodiscs can be tuned by changing either the 

temperature or the concentration of nanodiscs.316 In their article on SMA-EA nanodiscs the 

concentration effect is collected at a slightly elevated temperature (32°C) and the temperature 

effect is collected at a fairly high concentration (40 mg lipid/mL). While working on the 

nanodiscs, no RQC of D2O were observed under that temperature, and most of the stable work 

is done at a slightly higher temperature of 40°C. 

There was an intent to describe the relation to concentration more thoroughly. While Ravula 

et al.286, 317 estimate the lipid concentrations from the starting lipid concentration before 

nanodisc formation, our experience is that the end concentration can vary significantly and 

suggest that it should always be checked by 31P NMR. Unfortunately, this makes the use of 

phosphorous buffer unviable. Normally, 1 mL 20 mM lipid would end up as ~0.5 mL 3 mM 

lipid concentration nanodiscs. One attempt at a higher concentration and larger volume 

yielded ~3 mL 129 mM lipid concentration nanodiscs from 4 mL 147.51 mM DMPC (100 

mg/mL). The higher yield in the latter nanodisc assembly is primarily contributed to the larger 

volume of starting material. 

SMA-QA nanodiscs have been reported to self-align at higher temperatures,316 and it could be 

confirmed that a deuterium splitting was observable above 305 K, reaching a maximum 

around 310 K (Figure 28). To be consistent, and be sure to operate within the full alignment, 

further experiments were performed at 313 K (40°C). The size of the splitting is also 

dependent on nanodisc size and -concentration. 
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Figure 28. Effects on SMA-QA nanodisc alignment on concentration and temperature, measured as 
RQC of deuterium. A) Increase of deuterium signal splitting in a 5 mm NMR tube with increased 
temperature. The concentration is 6.88 mM lipid in 30.57±12.72 nm SMA-QA DMPC nanodiscs. B) 
Dilution in a 5 mm NMR tube. C) dilution in a 3 mm NMR tube. D) dilution by adding the cyclic 
tetrapeptide c(WKWKWK) in a 3 mm NMR tube. All NMR spectra were collected at 313 K For A, B, 
and C, the concentrations are given as lipid concentration, and the size of the SMA-QA DMPC 
nanodiscs are 20.79±11.14 nm. The dilution in both 3 mm tubes were done by the same volumes, to 
compare the loss of signal splitting with and without peptide. The dilutions were done with a 90/10 
H2O/D2O mixture. Figure is a combination of two figures from paper VI, reprinted with permission.318 

 

Interestingly, by performing experiments in both 3 mm and 5 mm NMR tubes, it was 

discovered that the splitting collapses at higher concentrations in 5 mm tubes (Figure 28), 

suggesting that the phase of the nanodisc alignment is directly affected by the physical 

boundaries imposed by the glass walls. It was also noted that as the viscosity of the solution is 

increased due to the nanodisc concentration, it is harder to transfer to the 3 mm NMR tubes. 

A titration was performed to investigate the viability of obtaining NMR data from within the 

SMA-QA nanodisc in its aligned state. AMP was added gradually to the nanodisc solution 

and the 1H NMR spectra were recorded (Figure 29). There were virtually no signal from the 
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peptides in ratios of 100 peptides per disc, while broad peaks started appearing at 500:1 ratio. 

This is interpreted as the discs being saturated somewhere between 100 and 500 peptides per 

disc, or between 20 and 4 lipids per peptide. The broad peaks of the peptide signal stem from 

a myriad of interactions, among them the viscosity of the solution, the intermediate-to-fast 

exchange between the bound and unbound state with the nanodisc, the lipid environment. 

 

 

Figure 29. Zoomed in part of the 1D 1H spectra of 30.57±12.72 nm SMA-QA DMPC nanodisc with 
increasing amounts of cyclic hexapeptide c(WWWKKK). Ratios given are peptides per disc, and the 
disc is estimated to contain ~2000 lipid molecules. The figure is only part of a figure from Paper VI, 
reprinted with permission.318 

 

The SMA-QA nanodiscs have been found to bind peptides in ratios that can be used for 15N 

labelled peptides to possible acquire chemical shifts and anisotropic RDCs and RCSAs. This 

can then be used to further investigate binding properties of peptides. The control of the 

alignment should be further studied before properly beginning with labelled peptides, but it 

has now been shown that SMA-QA nanodiscs can be very useful to investigate the interaction 

between cationic AMPs and lipid membranes. 
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4.8 Future prospects 

With the SMA-QA nanodiscs better understood, the next step would be to use isotopically 

labelled AMPs, to study what information could easily be gained from the AMP-lipid 

binding. 

A first step could be to begin with the smaller 10 nm SMA-QA nanodiscs, as the slow 

tumbling of the larger nanodiscs reduce the signal they produce. It would also be interesting 

to use peptides that form α-helices on the surface on the lipid surface, such as Magainin 252, 

319 or CM15,320 as a larger conformational change between the different environments can 

better help developing the methods. 

A second step would be to investigate the perturbation of the AMPs themselves. Paramagnetic 

relaxation enhancement (PRE) is a method that works for this purpose.321-323 Using 

paramagnetic salts change the relaxation times for the part of the peptide exposed to the 

aqueous solution, giving an idea of how deep into the lipid membrane the peptides bind. 

With the bindings and perturbation properly studied, the very reason why the SMA-QA self-

aligning nanodiscs were chosen could be addressed: anisotropy. It would be possible to 

extract RDCs and RCSAs from the peptide in aligned discs and use them to further study how 

the conformers change in the nanodiscs. Paper III demonstrated that the interaction with 

LUVs and nanodiscs are different for a series of reasons. By comparing the results from the 

SDS micelles and magnetically aligned nanodiscs, it would be possible to further look into the 

differences between micelles and nanodiscs, and how the models used to investigate 

interactions affect the results.  

While the peptides provided by the DigiBiotics project filled the purpose for method 

development and screening of conditions, they are not structurally varied enough to invest in 

isotopes to study further. Especially the alternating peptides are too symmetrical to properly 

study by NMR spectroscopy. By focusing on other, relevant, peptides, it would be possible to 

investigate other interesting scientific questions like carpeting or insertion by MST and PRE, 

followed by anisotropic NMR. Conformational switches in lipid environment could be 

explored by anisotropic NMR. The nature of ordered versus disordered aggregation on lipid 

surfaces and in lipid environments through NMR spectroscopy would be very interesting to 

look at. There are claims of cyclic peptides with alternating D and L amino acids that self-
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assemble into nanotubes in lipid environments.324, 325 It would be very interesting to 

investigate whether they form these nanotubes, or if there is some other form of unordered 

aggregation forming. 
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5. Concluding remarks 
Natural products are still the main source of new therapeutics. In paper I, a new natural 

product, Commafric A, with antiproliferative activity against human lung cancer has been 

fully elucidated by standard and anisotropic NMR techniques. This work is essential in 

understanding the 3D structure of new potential drugs, showcasing how NMR plays a vital 

role in pharmaceutical development. 

Antimicrobial peptides are emerging as a supplementary strategy to the antibiotics used in 

clinical treatment options today. In paper IV, the backbone structure of five cyclic 

tetrapeptides with an α,α‐disubstituted β2,2-amino acid were studied by NMR spectroscopy, 

showing that the antimicrobial effect is not impacted by the backbone conformation but rather 

the amino acid composition.  

Structural information, including chemical shifts, J-coupling constants, and anisotropically 

obtained Q-factors acquired by NMR spectroscopy in papers II and V were used to compare 

two different methods to computationally simulate conformational structures of four cyclic 

Trp-rich hexapeptides with either clumped or alternating Lys or Arg. NMR spectroscopy 

supported the findings by VCD, and found MD to be a better computational methodology 

than CREST due to a significantly better fit to the models. This shows that NMR 

spectroscopy is a versatile, information-rich technique with varied applications and that 

explicit solvent molecules make for better computations. 

In paper III, microscale thermophoresis has been further established as a cost-effective 

method to investigate peptide-lipid interactions, without a label for Trp-rich peptides. Labels 

have previously been used to measure interactions, but as a label comes with its own 

physiochemical properties, the results may be misleading. The intrinsic fluorescence of Trp 

alleviates this problem, as it is a common constituent in many AMPs. As a part of this, SMA-

QA based nanodiscs showed interactions on par with more established labour-heavy methods, 

establishing them as a better biological representation for cationic AMPs than the more well-

used SMA nanodiscs. Additionally, MST as a technique to describe peptide-lipid interactions 

is still in its infancy, giving ample opportunity to further develop the method to include other 

biologically relevant systems. Allowing us the opportunity to examine the interactions 

between antimicrobial agents and their targets. 
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In paper VI, the preparation of SMA-QA nanodisc were thoroughly described, both the 

synthesis of the polymer, and the preparation of the discs. The self-alignment of the discs in a 

magnetic field has been studied, and further connections between size and temperature to 

degree of alignment has been documented. It was proven that peptides bound to the discs can 

be observed by NMR in aligned conditions, allowing for anisotropic measurements in 

biologically relevant systems that are smaller than bicelles. 

Additionally, NOE distances and J-coupling constants obtained in water, DMSO, and SDS 

micelles were used as conformational constraints to simulate conformations of the two cyclic 

hexapeptides c(WWWKKK) and c(WWWRRR). The simulations did not show any 

significant backbone changes between the environments, once again showing that 

conformation is not as important to antimicrobial effect as amino acid composition. It is 

already known that Arg is more effective for antimicrobial effect than Lys when coupled with 

Trp. 

To further develop the work with SMA-QA based nanodiscs in the future, peptides that 

change conformation to an α-helix in lipid environments would be a good idea: With larger 

conformational changes between environments, there are more information that can be used to 

develop the methodologies further. 

In conclusion, NMR spectroscopy has been used to fully elucidate Commafric A, a new 

natural product, describe the conformation of cyclic peptides, and study properties of a 

nanodisc that self-aligns in the magnetic field. NMR spectroscopy is a continuously 

expanding field of study and will be very helpful in understanding new antimicrobial agents 

and help find solutions to the antimicrobial crisis. 
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You can never know everything, and part of what you know is always 

wrong. Perhaps even the most important part. A portion of wisdom lies in 

knowing that. A portion of courage lies in going on anyways. 

- Lan Mandragoran to Rand al’Thor in Winter’s Heart chapter 32, A Wheel of Time novel by 

Robert Jordan 
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ARTICLE

Anti-proliferative activity of a novel tricyclic 
triterpenoid acid from Commiphora africana 
resin against four human cancer cell lines
Worku Dinku1, Johan Isaksson2, Fredrik Garnås Rylandsholm2, Petr Bouř3, Eva Brichtová3,4, Sang Un Choi5, 
Sang‑Ho Lee5, Young‑Sik Jung5, Zae Sung No6, John Sigurd Mjøen Svendsen2, Arne Jørgen Aasen2 
and Aman Dekebo1*

Abstract 

Myrrh, a resin derived from the damaged bark of Commiphora genus, has traditionally been used for treatment of 
various human diseases, such as amenorrhea, ache, tumors, fever, and stomach pains. In spite of this widespread use 
of the myrrh in Ethiopia, the pharmacological activity and chemical composition have not been studied in detail. A 
new tricyclic triterpene acid (3S,4S,14S,7E,17E,21Z)‑3,30‑dihydroxypodioda‑7,17,21‑trien‑4‑carboxylic acid (commafric 
A) has been isolated from a crude methanolic extract of Commiphora africana (A. Rich.) Engl. resin along with the 
known pentacyclic triterpene α‑amyrin. The structure of commafric A was characterized using different spectroscopic 
techniques such as 1D and 2D NMR, IR, and VCD combined with computations. The anti‑proliferative activity of both 
isolated compounds was evaluated using SRB based colorimetric cellular assay against four human cancer cell lines. 
Etoposide was used as a positive control. Commafric A showed significant anti‑proliferative effects against non‑small 
cell lung cancer (A549) with  IC50 values of 4.52 μg/ml. The pentacyclic triterpene α‑amyrin showed a weak anti‑
proliferative activity against A2780 (ovarian cancer), MIA‑PaCa‑2 (pancreatic cancer), and SNU638 (stomach cancer) 
cell lines tested with  IC50 values ranging 9.28 to 28.22 μg/ml. Commafric A possessed anti‑proliferative activity against 
non‑small cell lung cancer (A549), which suggests that commafric A has potential to be further optimized being a 
lead compound in the search for new drugs against cancer diseases.

Keywords: Commiphora africana, Commafric A, Anti‑proliferative, SRB, A549 cell line
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permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/.

Introduction
Natural products are very inspiring in the drug discovery 
process. Aziz et al. [1] reviewed several drugs that have 
been obtained from different plant sources. Some of them 
can be obtained from Commiphora africana (A. Rich.) 
Engl. (Burseraceae), which is a bush about 1.5 m tall and 
is wide-spread in African countries, such as Sudan, Ethio-
pia, Eritrea, Somalia, Kenya, Uganda, and Mozambique 
[2]. Roots, bark and leaves are traditionally used to treat 

measles, hyperlipidemia, and cardiovascular disorders [3, 
4]. The leaves are also used as a sedative and soporific [3], 
and the resin is used for antiseptic washes and baths to 
treat skin infections, sores, and leprosy [5]. Ethnobotani-
cal information has indicated that bark, resin, and leaves 
of C. africana are used to treat snakebite, skin wounds, 
tumor, stomachache, and as anti-ticks [6]. A fraction 
obtained after partitioning the crude ethanolic extract 
roots of C. africana exhibited a promising in vitro antimi-
crobial activity [4].

The resin of C. africana contains betulin [7], which 
has been shown to have antitumor activity, especially in 
combination with cholesterol [8]. Betulinic acid deriva-
tives can inhibit HIV-1 [9]. Other Commiphora species 
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have also provided pharmaceutically interesting com-
pounds. Furanoeudesma-1,3-diene, the major compound 
of myrrh [10, 11], has been reported to exhibit analgesic 
activity in mice [12].

Previously, we have described oxygenated furanoses-
quiterpenes, curzerenone, and furanodienone from the 
resins of C. sphaerocarpa (Chiov.), C. holtziana (Engl.), 
and C. kataf [11, 13, 14]. Messina et  al. [15] has shown 
that furanodienone has anti-inflammatory, antimicrobial, 
and anticancer activities. Additionally, the cytotoxic-
ity of nordammarane triterpenes, such as vibusambucin 
A, 12β-hydroxy-3,15-dioxo-20,21,22-23,24,25,26,27-
octanordammarane, and hupehenol A against KB, 
HepG-2, LU-1, and MCF-7 cell lines has been reported 
[16]. The resins of C. confusa contain triterpenes of the 
dammarane type [17] with moderate cytotoxic activity 
against HepG2 [18]. From the resin of C. erlangeriana we 
have previously isolated polygamain-type lignans named 
erlangerin A, and erlangerin B, and two lignans related 
to podophyllotoxin, erlangerin C, and erlangerin D [19]. 
The effects of the erlangerins C and D are closely related 
to those of podophyllotoxin. They induce concentration-
dependent cytotoxicity in the murine macrophage cells 
(RAW 264.7) and a cytostatic effect in HeLa, EAhy926, 
and L929 cell lines [20].

In spite of the use of Commiphora africana in tradi-
tional medicine, to the best of our knowledge, there has 
been no study aimed at isolation and characterization of 
anti-proliferative constituents of this plant. As part of the 
exploration of the pharmacological potential of the res-
ins from Commiphora genus, we herein report the isola-
tion, structural elucidation, and anti-proliferative activity 
screening of a new oxygenated podioda-7,17,21-triene 
[21, 22] and α-amyrin obtained from C. africana.

Materials and methods
Plant material
Resins and botanical specimens of C. africana were col-
lected from district of Yabello, Borena zone, Ethiopia in 
December 2016 and identified by a botanist Shambel 
Alemu at the Biology Department, Addis Ababa Uni-
versity. A voucher specimen has been deposited at the 
National Herbarium (number: 072801) of Addis Ababa 
University, Addis Ababa, Ethiopia. This tree is known by 
its vernacular name hammesa Dihro (Afaan Oromo). 
There is no permission required to collect samples from 
wild to investigate their chemical composition and evalu-
ate their anti-proliferative effects.

Extraction and isolation
The resin (322.5  g) of C. africana was air dried and 
extracted with methanol (1 L × 3) for 3 days at 25  °C. 
The solvent was removed in vacuo to yield a yellow 

extract (151.2  g, 46.82%). The extract (80.0  g) was sus-
pended in water (800  ml) and successively partitioned 
with n-hexane (800  ml × 3), chloroform (800  ml × 3), 
EtOAc (800  ml × 3), and n-BuOH (800  ml × 3) yielding 
an n-hexane (33.39  g, 40.22%), a chloroform (41.26  g, 
49.7%), an EtOAc (0.11 g, 0.132%), and an n-butanol frac-
tion (0.074 g, 0.093%). Part of the n-hexane fraction (7 g) 
was flash chromatographed on a silica gel column using 
n-hexane/EtOAc (7:3) as an eluent furnishing commafric 
A (1) (430 mg), and α-amyrin (2) (22 mg) (Fig. 1).

General experimental procedure
Melting points are uncorrected. TLC was performed on 
precoated plates (Silica gel 60  F254, Merck) using n-hex-
ane/EtOAc/MeOH (10:10:0.1) as a developing solvent 
and with vanillin-H2SO4 as the detecting reagent. CC 
was performed on silica gel. IR spectra were measured 
on a Perkin Elmer 1600 instrument using KBr tablets. 
Optical rotation was measured on a Perkin-Elmer 241 
polarimeter. UV spectra were recorded on a Shimadzu 
UV–VIS spectrophotometer. LC-Mass was acquired on 
Waters ACQUITY H-CLASS Liquid Chromatograph/
SQD2 Mass Spectrometer; Injection mode: FIA, Eluent: 
Methanol/Water (10  mM ammonium acetate) = 70/30 
flow rate: 0.3  ml/min, Ionization mode: ESI (positive), 
Capillary voltage: 3  kV, Cone voltage: 30  V. HRESIMS 
data were obtained on Waters ACQUITY UPLC I - Class 
Liquid Chromatograph/TQ-S micro Tandem Mass-Spec-
trometer, Ionization mode: electrospray ionization (ESI), 
Mass Analyzer, JMS-700 Mass High Resolution Mass 
Spectrometer (Jeol LTD, Tokyo, Japan): Tandem (triple) 
quadrupole at mass range of 5–2000 m/z and scan speed 
15,000 Da/sec.

Nuclear magnetic resonance spectroscopy
1H and 13C NMR data for commafric A (1) was 
acquired on an Avance III HD spectrometer (Bruker-
BioSpin GmbH, Germany) equipped with an inverse 
detected TCI cryoprobe with a cryogenic enhance-
ment for 1H, 2H, and 13C, operating at 600  MHz for 
1H. All spectra were recorded using TopSpin 3.5pl7 
at 298  K in dichloromethane-d2 and chloroform-d1, 
using gradient selected and adiabatic inversion ver-
sions of pulse sequences where applicable. Analysis 
of NOE buildup for compound 1 was performed by 
complete relaxation matrix analysis using Mspin 2.3.2-
694 (MestreLab Research S. L., Spain). The results are 
presented as Boltzmann averaged NOE enhancement 
across the conformational ensemble generated for 
analysis of IR and VCD section. The sample for aniso-
tropic NMR measurements (10  mg) was dissolved in 
 CDCl3 with 0.03% TMS to which increasing amounts 
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of poly-γ-benzyl-l-glutamate (PBLG, 150,000–
300,000  Da, Sigma-Aldrich CAS 25014-27-1) was 
added to yield weight-to-volume ratios of 7.9%, 12.1%, 
and 16.2%. For compound 1 1D carbon, CLIP-HSQC, 
IPAP-HSQC, and J-res carbon was acquired to extract 
the 1JCH coupling constants and anisotropic carbon 

shifts. The data treatment is thoroughly described in 
additional file.

Experimental vibrational circular dichroism (VCD) spectra
VCD and absorption spectra of 1 were measured in 
 CDCl3 solutions (~ 1  mg/100 μl) using a  BaF2 cell of 
an optical path of 50 μm and a BioTools ChiralIR-2X 
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α-amyrin (2)

HO

H

H

H
14

27

Podioda-7,17,21-trienol (3)

H
OH

HOOC

HO

H

S1

3
4

5 7

8

9

10

11

13 14
17

18

21

22

23 24

25
26

27 28

29

30

Commafric A (1)

Fig. 1 Chemical structures of compounds isolated from C. africana and a reference compound podioda ‑7,17,21‑trienol (3)
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instrument. Spectra of pure  CDCl3 solvent were sub-
tracted as a baseline; the accumulation time was ~ 12  h 
using blocks of 1200 scans and 4 cm−1 resolution.

Computations
Using the Gaussian suite of programs [23] a systematic 
conformer search of compound 1 was performed con-
sidering the three torsional angles in the vicinity of the 
tricyclic system. Other C–C–C–C dihedral angles were 
all-trans and all-extended (180°) at the beginning of the 
optimizations and left to optimize without constraints. 
The B3LYP [24] PCM [25] (chloroform)/6–31 ++G** 
level was used for all quantum chemistry. For stable 
conformers thus obtained the magnetic field perturba-
tion theory [26, 27] was used to simulate IR and VCD 
intensities; final spectra were obtained as a Boltzmann 
average, using a convolution with Lorentzian lines 
(FWHM = 10  cm−1). Since the consideration of the full 
molecular flexibility was not possible with our computa-
tional means, atomic axial tensors of the linear side chain 
(from carbon number 16) were deleted for VCD genera-
tion. The chain itself is not chiral and thus supposedly the 
error introduced by this approximation is small, whereas 
the dominant signal from the chiral more rigid molecu-
lar part may help to assign the absolute configuration. 
Alternated simulations of the spectra based on molecu-
lar dynamics were attempted as well, but did not provide 
results significantly different from the limited conformer 
model. Boltzmann-averaged isotropic shielding and 
spin–spin coupling constants were computed at the same 
level as for VCD.

Tumor cell lines
The cell lines used in this study were the human non-
small cell lung cancer cell lines (A549), ovarian cancer cell 
line (A2780), pancreatic cancer cell line (MIA-Paca-2), 
and stomach cancer cell line (SNU-638), and they were 
maintained using RPMI1640 cell growth medium (Gibco, 
Carlsbad, CA), supplemented with 5% fetal bovine serum 
(FBS) (Gibco), and grown at 37 °C in a humidified atmos-
phere containing 5%  CO2 [28]. All the cancer cells used 
were adapted for 6  months at least to the RPMI1640 
medium at Korea Research Institute of Chemical Tech-
nology, then used in the anti-proliferative assays. Cells 
were exposed to the isolated compounds at concentra-
tions ranging from 0.1 to 30 μg/ml.

Anti‑proliferative assessment
All experiments were conducted by the NCI’s proto-
col [28]. Experimental cultures were placed in 96-well 
microtiter plates (Corning) containing 0.15 ml of growth 
medium per well with a cell density of 5 × 103 (A549, 
A2780, and MIA-Paca-2) and 1 × 104 (SNU-638). The 

culture was incubated at 37 °C and humidified by 5%  CO2 
for 1 day. Then, media were aspirated off and added the 
test material in triplicate which was dissolved in media 
at varying concentrations. In case of necessity, the test 
material was dissolved in small amount of dimethyl 
sufoxide (DMSO), but the final concentration of DMSO 
in the medium did not exceed 0.5%. The culture was 
incubated for additional 3 days. After 3 days of continu-
ous drug exposure, the medium was removed by flick-
ing plates over a sink. The cells attached to the plastic 
substratum were fixed by gently layering with 0.1  ml of 
cold 10% trichloroacetic acid (TCA). Incubation at 4  °C 
for 1 h was followed by wash with tap water five times to 
remove TCA solution. After being washed and dried at 
RT overnight, TCA fixed cells were stained with 0.1  ml 
of 0.4% sulforhodamine B (SRB) in 1% acetic acid per 
well for 30  min. At the end of the staining period, SRB 
supernatant was removed and the remaining cells were 
rinsed with 1% acetic acid five times. It was dried until no 
standing moisture was visible, and then the bound dye in 
cells was extracted with 0.1 ml of l0 mM unbuffered Tris 
base (pH 10.5) per well by stirring on a gyratory shaker 
for 5-10  min, followed by measured the optical density 
at 520 nm by MR700 microplate reader (Dynatech Labo-
ratories). Antitumor activity of the test material at vary-
ing concentrations was estimated as the net growth  % of 
cells compared with that of control (without test mate-
rial, net growth = 100%). The dose–response curves of 
test material were constructed and the  IC50 value was 
calculated as the concentration of the test material that 
caused 50% inhibition of cell growth against the cancer 
lines A549, A2780, MIA-PaCa-2, and SNU638. Etopo-
side, a standard drug was used as a positive control.  IC50 
values of etoposide were compared with those for crude 
extract, n-hexane fraction, and isolated compounds.

Results
Isolation of compounds
Flash column chromatography of the n-hexane fraction 
using n-hexane/EtOAc (7:3) as an eluent furnished two 
pure compounds: commafric A (1) the most abundant 
isolated molecule and the known compound α-amyrin 
(2), were obtained as white solids. The structures of the 
isolated compounds were elucidated employing 13C and 
1H-NMR as well as 2D-NMR, IR, FT-ESI–MS mass frag-
mentation pattern, and comparing with literature data 
reported for structurally related compounds. The 1H 
NMR and 13C NMR data of compound 2 agreed with 
corresponding published data for α-amyrin (2) [29–31].

Characterization of compound 1
Compound 1 was obtained as a white powder (mp 
126–127  °C), with [α]22

D
 : +4o (c 1.0,  CHCl3) and its 
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molecular formula was established on the basis of a 
high resolution positive-ion mode HR-ESI-MS2 scanned 
from 170.00 to 600.00 m/z. The molecular formula was 
established as  C30H48O4 on the basis of the positive-ion 
mode HRESIMS data due to Na adduct formation (m/z 
495.3442 [M+Na]+, calcd. 495.3445) and NMR data indi-
cating seven degrees of unsaturation (Additional file  1: 
Fig. S1). The two peaks with less intensity at m/z 473.36 
and m/z 455.3515 corresponds to protonation of the mol-
ecule [M+H]+and protonation of a dehydrate molecule 
respectively (Additional file 1: Fig. S1).

The UV spectrum of 1 (EtOH) exhibited an absorp-
tion band at 209 nm indicating the absence of conjugated 
double bonds. The experimental IR-spectrum agrees 
with the simulated spectrum of commafric A (Fig.  2); 
the most prominent features comprise free (3607 cm−1) 
and hydrogen-bonded (3400 cm−1) OH stretching bands, 
split (2956/2872  cm−1) CH stretching signal indicating 
the presence of both  sp2 and  sp3 carbons, and the C=O 
stretching band (1695 cm−1).

1H NMR resonances (Table 1) of 1 included two near 
triplets at δH 5.30 and 5.04, and one doublet of a triplet 
at δH 5.16, suggesting the presence of three olefinic pro-
tons. Two geminally coupled protons appearing as dou-
blets at δH 4.17 and 4.07 indicated the presence one oxy 
methylene moiety. A signal integrated as one proton at 
δH 4.02 suggested the presence of an oxy methine group. 
Two moderately deshielded methyl signals were observed 
(1.57 and 1.77  ppm), indicating that two methyls are 
attached to  sp2 hybridized carbons (see Additional file 1: 
Fig. S2). Additionally, the compound has four aliphatic 
methyl signals (0.75, 0.86, 0.91, and 1.18).

The 13C NMR (Table  1 and Additional file  1: Fig. S3) 
and multiplicity edited HSQC/DEPT confirmed the pres-
ence of thirty carbons, of which seven were quaternary, 

ten methylene, seven methine, and six methyl groups. 
A set of 2D NMR experiments, HSQC, HMBC, H2BC, 
HSQC-TOCSY, DQF-COSY, and 1,1-ADEQUATE 
(Additional file 1: Fig. S4–S9), was used to establish the 
molecular framework of commafric A as a tricyclic trit-
erpenoid with structural similarity to podioda-7,17,21-
trienol [21]. All carbon–carbon connections were 
unambiguously confirmed by 1,1-ADEQUEATE, except 
for the two quaternary to quaternary carbon bonds (C4 
to C23 and C8 to C13), which did not correlate in this 
pulse sequence because of the absence of protons on 
both sides of the C–C bond (Fig. 3b). The C23 carboxyl 
group could be placed by HMBC correlations to H3, H5, 
and H24 from C23, while the C8 to C13 bond was con-
firmed by HMBC correlations between H26 and H12, 
and C8. The location of the hydroxymethylene group as 
well as the position of the 21, 22 double bond was con-
firmed by 2D HMBC (Fig. 3a), which showed three bond 
couplings between the olefinic proton H21 (δH 5.30) and 
the carbons at the C29 methyl group (δ21.4) and the C30 
hydroxymethylene carbon (δC 61.5). Furthermore, H2BC 
two-bond couplings appeared between C22 and Me29 
and hydroxymethylene protons H30′/″ (Fig. 3a).

Determination of the relative configuration
Based on 3JCH couplings measured by selective CLIP-
HSQMBC [32], as well as NOESY/ROESY analy-
sis, the C17/C18 configuration was determined as E 
(3JC28H17 = 8.0 Hz and 3JC19H17 = 6.0 Hz) and the C21/C22 
configuration was determined as Z (3JC29H21 = 6.0 Hz and 
3JC30H21 = 9.3 Hz, Additional file 1: Figs. S10–S12). These 
conclusions are based on the fact that the trans-3JCH is 
expected to be stronger than the corresponding cis-3JCH. 
This was also consistent with the direct observations of 
the presence of the NOEH21H29 and ROEH21H29correla-
tions, and the absence of the NOEH21H29 and ROEH21H29 
correlations. The Z-configuration of the C21 to C22-dou-
ble bond is also consistent with the 13C NMR chemical 
shifts of C21, C22, C29, and C30 in previously reported 
compounds with similar side chain configurations [33, 
34].

The relative configuration of the tricyclic system was 
established by NOESY and ROESY correlations (Addi-
tional file 1: Fig. S12) supplemented with some 3JHH and 
3JCH couplings. Most notably, an N/ROE correlation trace 
between H3–H5–H9–H11″–H12″ place these protons 
below the ring plane while the trace between H24–H25–
H11′–H12′–H26 place these above the ring plane. The 
key correlations are displayed in Fig.  3c. The configura-
tion at the C14 stereocenter could not be unambiguously 
determined from the N/ROE correlations without a full 
conformational analysis because of relatively free rota-
tion about the C13–C14 bond.
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Determination of the C14 configuration
Vibrational circular dichroism spectroscopy
In order to relate the measured VCD spectra to the 
structure, theoretical VCD spectra were simulated com-
putationally. The theoretical modelling focused on the 
tricyclic system supposedly dominating in VCD spec-
trum, because a full conformer analysis (> 106 possible 
conformers) was not possible with available computa-
tional means. A reduced ensemble of 27 conformers was 
generated by 120° rotations around the C13–C14, C4–
C23, and C3–O3 bonds only, and relative conformer 

energies were obtained for both the R and S C14 isomers. 
The molecular tail (C14–C30) was kept in the extended 
conformation and its contribution to VCD was not con-
sidered. The equilibrium geometries and spectral proper-
ties were calculated using the Gaussian software [24] and 
the B3LYP/6-311 ++G**/PCM  (CHCl3) level of theory, 
relative enthalpies were used for property averaging. The 
simulation reproduced some spectral features observed 
experimentally (Fig. 4), although the theoretical R and S 
VCD sign patterns of 1 are similar. The 1150–1000 cm−1 
spectral region is however predicted to be significantly 

Table 1 NMR parameters of commafric A in   CD2Cl2:1H (600 MHz) and 13C (150 MHz) NMR, HMBC, H2BC, ADEQUATE-1,1, 
and ROESY

a Overlap between C12 and C15
b Overlap between C16, C20, and C26
c Overlapping multiplets in 1H
d Correlations listed on each receiving carbon row from the denoted proton(s)

No. δC δH (multi, J in Hz) HMBC (H → C)d H2BC
(H → [H]C)d

1,1‑ADEQUATE
([H]C → C)d

Key ROESY

1 38.1 1.72 (dt, J = 13.3, 3.1)/1.32  (mc) 25 2′/″ 2′/″ 2′/″, 25, 2′/″

2 27.3 1.67  (mc) 3 1′, 1″, 3 1′, 1″, 3 1′/″, 25

3 76.2 4.02 (dd, J = 11.2, 4.7) 1″, 2″, 5, 24 2′/″ 2′/″ 2′/″, 5

4 52.9 2′, 2″, 3, 5, 24 3, 5, 24

5 46.6 1.88  (mc) 24, 25 6′, 6″ 6′, 6″ 3, 9

6 25.8 2.05  (mc)/1.80  (mc) 5, 7 5, 7 7, 24, 25

7 114.0 5.16 (dt, J = 5.1, 2.6) 6′ 6′, 6″ 6′, 6″ 14

8 151.0 6′/″, 11′/″, 12′/″, 26 7, 9

9 59.5 2.01  (mc) 1′, 5, 11′ ,12′/″ ,25 11′, 11″ 11′, 11″ 1″, 5, 11″, 12″

10 34.1 1′/″, 5, 25 1′, 1″, 5, 9, 25

11 23.1 1.25  (mc)/1.53  (mc) 12′/″ 12″ 9, 12′, 12″ 25, 26/9

12 33.0 1.25  (mc)/1.48  (mc) 11′/″, 14,   26a 11′, 11″ 11′, 11″ 26/9, 15′/″, 27

13 48.3 12″, 14, 26, 27 12′, 12″, 14, 26

14 41.2 1.36  (mc) 9, 12″, 26, 27 15′, 27 15′, 27 6′, 6″, 7

15 33.0 1.34  (mc)/1.00  (mc) 16″,  27a 14, 16′, 16″ 14, 16′, 16″

16 26.6 2.02  (mc)/1.87  (mc) 15′/″,  17b 15″, 17 15′, 15″, 17

17 125 5.04 (ddq, J = 7.5, 6.3, 1.3) 15′/″, 16′/″, 19′/″, 28 16′, 16″,  28* 16′, 16″

18 135 16′/″, 19′/″, 28 17, 19′, 19″, 28

19 40.0 1.96  (mc)/1.93  (mc) 20″, 28, 29 20′, 20″ 20′, 20″

20 26.7 2.14  (mc)/2.09  (mc) 21b 19′, 19″,  29** 19′, 19″, 21

21 129.0 5.30 (t, J = 7.0) 19′/″, 20′/″, 29, 30′/″ 19′, 19″,  29* 20′, 20″ 29

22 134.0 20′/″, 29, 30′/″ 21, 29, 30′, 30″

23 181.0 3, 5, 24

24 10.7 1.18 (s) 3, 5 6′, 25

25 14.1 0.75 (s) 1″, 5 1′, 2′/″, 6′, 11′, 24

26 26.8 0.91 (s) 12′/″b 11′, 12′

27 15.1 0.86 (d, J = 6.8) 14, 15′/″ 14 14 12″

28 16.4 1.57 (s) 17, 19′/″

29 21.4 1.77 (s) 21, 30′/″ 21

30 61.5 4.07 (d, J = 11.7)/4.17 (d, J = 11.7) 21, 29
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Fig. 3 2D NMR correlations through bonds, a COSY, HMBC and, b 1,1‑ADEQUATE; and through space, c NOESY/ROESY of commafric A
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different for the R- and S configurations, and comparison 
of the calculated and experimental VCD signs and rela-
tive intensities for this region strongly suggests the S con-
figuration on C14.

Isotropic NMR parameters
For a more detailed NMR data analysis of distances and 
coupling constants localized near the C14, only the three 
Boltzmann averaged rotamers around the C13–C14 
bond were used. The H14 proton is preferentially point-
ing towards the edge of the ring system (and H-7) in both 
the R- and the S C14 configurations (Table 2). This was 
problematic for using the otherwise very informative 
3JCH couplings originating from the only proton (H14) 
directly attached to the rotating C13–C14 bond since 

the dihedral angles formed between the H14–C14 vec-
tor and the C13–C8, C12, C26 vectors will be very similar 
for R- and S. The predicted differences between the two 
configurations were smaller than 0.5 Hz. The experimen-
tal couplings (Table 3) are in agreement with the calcu-
lated rotamer populations of both configurations. These 
couplings were very challenging to measure accurately 
experimentally as the signal of H14 overlaps with that 
of H15s. That made it necessary to use heavily chemical 
shift filtered selective methods and there is unavoidable 
phase modulation from J-coupling. Coupling sums were 
utilized because of significant second order/phase contri-
butions. For all these reasons, the experimental error is 
estimated to at least 1 Hz.

Furthermore, the possibility to determine the relative 
configuration from NOE buildup rates involving the 
C27 methyl group were investigated. The C27 methyl 
group is predicted to be predominantly anti to the C26 
methyl in the S-configuration and gauche to the C26 
methyl in the R-configuration. NOE buildups are intrin-
sically difficult to quantify for flexible molecules due 
to the fact that they depend on the distance as r−6. A 
scarcely populated rotamer can contribute significantly 
to the observed NOE if the two protons are positioned 
very close to each other. The measured NOEs around 
and across the C13–C14 bond (Additional file  1: Fig. 
S13) are not conclusive alone as both theoretical con-
figurations result in r2 values in the order of 0.7. How-
ever, the most important NOE between H26 and H27 
that is expected to be the most sensitive to the C14 con-
figuration indicates the S-configuration. The weighted 
experimental NOE was determined to η = 0.0054 (cor-
responding to r = 2.9 Å), i.e., closer to the value pre-
dicted for the S-model (η = 0.0032, r = 3.2 Å), than that 
predicted for the R-model (η = 0.0144, r = 2.5 Å).
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Table 2 Calculated C13–C14 angular distribution (p, %), 
for the C14 enantiomers

a ∠ C26–C13–C14–C27, torsion angle between the two methyl groups as 
obtained for the optimized DFT geometries

R‑C14 S‑C14

p τ(δεγ)α p τ(δεγ)α

Gauche + 12 71.9 11.1 44.9

Gauche − 87.7 − 58.9 11.7 − 64.9

Anti 0.3 − 164.6 77.2 170.6

Table 3 Calculated and experimental 3JCH scalar couplings 
for the C14 enantiomers

a ∠ C26–C13–C14–C27, torsion angle between the two methyl groups as 
obtained for the optimized DFT geometries

Population 3JC8H14 JC12H14 JC26H14 Configuration

Gauche + 12 0.68 2.12 4.56 R

Gauche − 87.7 0.98 4.6 2.11

Anti 0.3 4.79 0.82 3.29

Averaged 0.96 4.38 2.32

Gauche + 11.1 5.2 3.16 0.87 S

Gauche − 11.7 1.44 1.64 4.41

Anti 77.2 0.68 4.4 2.55

Averaged 1.23 3.98 2.57

Experimental 0.8 5.3 3.7
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Confirmation of the C14 configuration by anisotropic NMR 
parameters
Anisotropic NMR parameters have emerged as powerful 
tools in structural elucidation [35, 36]. Residual dipolar 
coupling (RDC) depend on the relative orientation of the 
13C-1H bond vectors, while residual chemical shift ani-
sotropy (RCSA) depend on the relative orientations of 
the carbon chemical shielding tensors. When combined, 
they can provide the configuration of stereogenic cent-
ers that are difficult to establish by traditional methods. 
A method described by Liu et  al. [35] utilizing poly(γ-
benzyl-l-glutamate) (PBLG) to form a liquid crystal that 
induces anisotropy in chloroform-d1 was employed in 
the present study. 13C residual chemical shifts were ref-
erenced to TMS, and combined with RDC data from 
HSQC-IPAP spectra (Additional file  1: Figs. S14–S16, 
Tables S1 and S2). In the comparison of the experimental 
and theoretical anisotropic parameters for the commafric 
A the S-model provided lower quality factors (Q = 0.19) 
than the R-model (Q = 0.33, Fig. 5). Based on the aniso-
tropic parameters, together with the VCD and NOE data, 
we conclude that commafric A’s stereocenter C14 has the 
(S)-configuration.

Based on the above experimental evidence the 
structure of the novel compound commafric A was 
elucidated as (3S,4S,14S,7E,17E,21Z)-3,30-dihydroxypo-
dioda-7,17,21-trien-4-carboxylic acid.

In vitro anti‑proliferative effect of the MeOH extract, 
n‑hexane fraction, and isolated compounds
The anti-proliferative effects of the crude MeOH extract, 
n-hexane fraction, and isolated compounds commafric A  

and α-amyrin were tested for four cancer cell lines, A549 
(non-small cell lung cancer), A2780 (ovarian cancer), 
MIA-PaCa-2 (pancreatic cancer), and SNU638 (stom-
ach cancer). The crude methanol extract showed a strong 
anti-proliferative activity against A549  (IC50 = 3.55 μg/
ml) (Table 4, Additional file 1: Fig. S17). The crude extract 
exhibited weaker activity against A2780, SNU-638, and 
MIA-Paca-2 compared with A549 cell lines. Among 
the cell lines tested the methanol crude extract showed 
strong effect on A549 cell lines (3.55 μg/ml). The n-hex-
ane fraction exhibited significant inhibition of cell pro-
liferation on the all four cell lines with dose dependent 
relationship in  vitro. However, it was less sensitive and 
had a weaker net growth effect on A549 cell lines com-
pared with the crude methanol extract (Table  4, Addi-
tional file 1: Fig. S17).
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Fig. 5 Stereochemical differentiation between the a R‑ and b S configurations of C14 in commafric A using RDC and RCSA data collected in PBLG, 
showing the best agreement between experimental and theoretical data for the S configuration

Table 4 IC50 values of  MeOH extract, n-hexane fraction, 
and  isolated compounds of  resin of  Commiphora africana 
against four cancer cell lines using SRB assay

IC50 (Inhibition of cell growth by 50%), data was generated by experiments 
performed in triplicates

Sample Cell lines and  IC50 (μg/ml)

A549 A2780 MIA‑PaCa‑2 SNU638

MeOH extract 3.55 9.98 19.20 10.09

n‑Hexane fraction 9.64 9.62 17.21 10.30

α‑Amyrin 9.28 21.96 16.14 28.22

Commafric A 4.52 10.17 10.04 9.73

Etoposide 0.2 0.34 0.42 0.14
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Discussion
A number of bioactive compounds were previously 
reported from different Commiphora species. In this 
study, the n-hexane fraction of C. africana resin yielded 
a new compound commafric A. Cancer, cardiovascular 
diseases, chronic respiratory disorders and diabetes are 
the primary cause of deaths worldwide. The knowledge of 
herbal medications and anticancer activity tests assist in 
the development of important anticancer drugs [37].

In our study for in vitro anti-proliferative activity, we 
found that the crude extract and related n-hexane frac-
tion is lower than 30 μg/ml, which is within the limit of 
criteria set by the American National Cancer Institute 
for further purification [38]. For compound 1, a moder-
ate anti-proliferative activity was observed for the A549 
cancer cell lines, with  IC50 value of 4.52 μg/ml. This is 
comparable with the activity of the crude extract and 
more than twice better than for α-amyrin. On the other 
hand, compound 1 showed weak anti-proliferative 
effects > 9 μg/ml for the other cell lines. The compound 
exhibited about twice higher activity on MIA-PaCa-2 
compared with the methanol extract. The presence of 
carboxylic acid or terminal hydroxyl group in the com-
pound might be the reason for its bioactivity. α-Amyrin 
(2) having an ursane skeleton showed weaker activ-
ity on A549, A2780, and SNU638 cell lines compared 
with both compound 1 and the crude methanol extract. 
Compounds with similar skeleton to α-amyrin such as 
ursolic acid and its derivatives showed strong anti-pro-
liferative activity against ovarian carcinoma, pancreatic 
carcinoma, prostate cancer, cervical carcinoma, hepatic 
cancer, breast cancer, colorectal cancer, leukemia, neu-
roma, and colon adenocarcinoma [39]. The weak activ-
ity of α-amyrin might be due to lack of carboxylic acid 
group. According to the literature on α-amyrin pen-
tacyclic triterpenes stimulate proliferation of human 
keratinocytes but do not protect them against UVB 
damage [40–42]. A review on antitumor effect of trit-
erpene acid compounds revealed that triterpene acid 
type compounds have many effects including anti-
inflammatory, regulating blood sugar level, antiviral, 
and antitumor activity. More important, triterpene acid 
type compounds have become one of the most popular 
topics recently because of its selective toxic effects on 
cancer cells and harmless to normal cells [43].

The tricyclic triterpene acid (3S,4S,14S,7E,17E,21Z)-
3,30-dihydroxypodioda-7,17,21-trien-4-carboxylic 
acid  (commafric A) was isolated from the n-hexane 
fraction of the resin of C. africana and its structure was 
determined. It showed the variable  IC50 values against 
the four cancer cell lines studied. The anti-proliferative 
effect against non-small cell lung cancer (A549) cells 
with  IC50 values of 4.52 μg/ml was the highest among the 

cancer cells tested. The anti-proliferative effect suggests 
that commafric A has a potential in further investigations 
as a drug against different cancer lines. Further work is 
required to evaluate the mechanism of action of the com-
mafric A as an antitumor agent against non-small cell 
lung cancer and evaluate its anti-proliferative on a num-
ber of cancer cell lines. Further isolation of compounds 
from the resin and other parts of this plant will be pur-
sued which might yield some novel bioactive compounds.
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Fig. S1. Precursor ions and calculated fragment ions elemental composition of commafric A (1) 
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Fig. S2. 1D proton NMR spectrum of commafric A (1) 
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Fig. S3. 1D carbon spectrum of 1 
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Fig. S4. Superimposed HSQC and HMBC of 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. S5. Expansion of the aliphatic region of the superimposed HSQC+HMBC of 1 
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Fig. S6. Expansion of the aliphatic region of superimposed HSQC+H2BC of 1 
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Fig. S7. Expansion of the aliphatic region of superimposed HSQC+HSQC-TOCSY of 1 
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Fig. S8. 1,1-ADEQUATE of 1 
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Fig. S9. PSYCHE-TOCSY of 1 
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Fig. S14.13C spectra for commafric A in CDCl3 with 0.03% (v/v) TMS at different PBLG 

concentrations. Zoomed-in outclip of C7, showing the change in ppm values, as well as decrease 

of signal-to –noise ratio. 
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Fig. S15: 1H spectra of commafric A in CDCl3 with 1% (v/v) TMS at different PBLG 

concentrations. 

 

 

 



 

 

Fig. S16. Outclips of the HSQC-IPAP spectra of C5 of commafric A at different PBLG 

concentrations, showcasing how the RDC increases the 1H splitting in the f1 dimension.  
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Fig.  S17. Dose response curve of MeOH extract, n-hexane fraction, commafric A, and -amyrin 

isolated from C. africana n-hexane fraction against A549, A2780, MIA-PaCa-2 and SNU-638. 
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Table S-1. Experimental 13C data of commafric A, with the corresponding RCSA values. The 

RCSA values are calculated from equation 1. 
13C shifts (ppm) 

RCSA 
Carbon atom 

[PBLG] (w/v) 

0 7.9 12.1 16.2 

1 37.75 37.74 37.7 37.67 -0.06 

2 26.69 26.68 26.69 26.71 0.04 

3 75.76 75.74 75.74 75.73 0.01 

4 52.59 52.57 52.54 52.51 -0.04 

5 46.09 46.09 46.11 46.12 0.03 

6 25.45 25.44 25.42 25.41 -0.02 



7 113.77 113.78 113.98 114.03 0.24 

8 150.53 150.51 150.66 150.76 0.27 

9 59.02 58.98 58.96 58.94 0.00 

10 33.79 33.77 33.8 33.81 0.06 

11 22.72 22.71 22.68 22.65 -0.05 

12 32.61 32.6 32.59 32.59 0.00 

13 47.91 47.9 47.88 47.87 -0.02 

14 40.77 40.75 40.69 40.65 -0.08 

15 32.67 32.7 32.67 32.66 -0.07 

16 26.15 26.16 26.14 26.13 -0.04 

17 125.08 125.07 124.98 124.93 -0.13 

18 134.38 134.37 134.3 134.25 -0.11 

19 39.58 39.57 39.57 39.57 0.01 

20 26.24 26.23 26.21 26.19 -0.03 

21 128.81 128.76 128.7 128.66 -0.05 

22 133.52 133.54 133.53 133.53 -0.03 

23 181.39 181.29 181.06 180.89 -0.30 

24 10.46 10.46 1047 10.47 0.01 

25 13.92 13.91 13.94 13.95 0.05 

26 26.67 26.65 26.69 26.71 0.08 

27 15 14.99 15.02 15.03 0.05 

28 16.39 16.38 16.38 16.37 0.00 

29 21.31 21.31 21.30 21.30 -0.01 

30 61.26 61.23 61.2 61.18 -0.02 

 



Table S-2: Experimental 1H- 13C splitting data of commafric A, with the corresponding RDC 

values. The RDC values are found as the difference in the splitting at two different [PBLG], and 

then dividing by the amount of hydrogen atoms connected to that carbon atom. With the 

obtainable data, the RDCs were collected as the difference between 12.1% and 0% PBLG. 

 

HSQC-IPAP (Hz) (f1 splitting) 

RDC 
Carbon atom 

[PBLG] (w/v) 

0 7.9 12.1 16.2 

5 133.94 138.47 255.58 - 121.11 

6 260.37 261.51 - - - 

7 146.11 156.66 - - -146.11 

9 127.66 127.49 234.20 - 106.54 

11 266.61 265.40 255.00 - -5.81 

12 258.28 257.64 311.75a - 26.74 

14 135.01 132.91 97.04 - -37.97 

17 153.91 162.31 178.13 185.34 24.22 

21 150.87 145.67 167.48 171.24 16.61 

25 371.64 369.02 - - - 

26 375.88 376.08 327.56 - -16.11 

27 381.60 375.68 349.19 326.76a -10.80 

a Uncertain 
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Abstract: Antimicrobial peptides (AMPs) are generally membrane-active compounds that physically
disrupt bacterial membranes. Despite extensive research, the precise mode of action of AMPs is still a
topic of great debate. This work demonstrates that the initial interaction between the Gram-negative
E. coli and AMPs is driven by lipopolysaccharides (LPS) that act as kinetic barriers for the binding of
AMPs to the bacterial membrane. A combination of SPR and NMR experiments provide evidence
suggesting that cationic AMPs first bind to the negatively charged LPS before reaching a binding
place in the lipid bilayer. In the event that the initial LPS-binding is too strong (corresponding to
a low dissociation rate), the cationic AMPs cannot effectively get from the LPS to the membrane,
and their antimicrobial potency will thus be diminished. On the other hand, the AMPs must also be
able to effectively interact with the membrane to exert its activity. The ability of the studied cyclic
hexapeptides to bind LPS and to translocate into a lipid membrane is related to the nature of the
cationic charge (arginine vs. lysine) and to the distribution of hydrophobicity along the molecule
(alternating vs. clumped tryptophan).

Keywords: AMP; SPR; NMR; liposomes; LPS; lipid binding

1. Introduction

The rapid spread of multidrug-resistant bacteria and the slow discovery of new
classes of antibiotics is leading researchers to consider alternatives to classical antibiotics.
Antimicrobial peptides (AMPs) represent one promising alternative [1,2]. AMPs are a
ubiquitous part of the innate immune defense in all living organisms, from humans to
bacteria themselves. They have been widely studied, and today, more than 3000 natural
AMPs have been reported and characterized [3–5]. However, most natural AMPs are
ill-suited as drug candidates due in part to either poor ADME-Tox properties (absorption,
distribution, metabolism, and toxicity) or overly complex chemistry [6,7]. Consequently,
de novo-designed antimicrobial peptides (AMP) are being developed with simplified
sequences focusing on a small number of core residues [8]. These synthetic AMPs combine
intelligent design, microbiology, chemistry, and a knowledge of human metabolism in
a series of iterations to provide highly efficient compounds. However, despite decades
of AMP study, there is a lack of in-depth knowledge of their modes of action, including
potential targets for the AMPs in live bacteria. Case in point: while a number of proposed
modes have been put forth, such as pore-formation, carpeting, and detergent-like, these
models are often founded on observations in simplified model systems, at concentrations
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that are poorly representative of biological conditions—at least with regards to antimicrobial
assays [9,10].

Currently, the largest class of AMPs contains a significant fraction of cationic residues [11].
The net cationic charge of these peptides is believed to be essential to their mode of
action and selectivity, with the cationic sites playing a crucial electrostatic role in the
interaction between the AMPs and components of the bacterial membrane. Arginine and
lysine are the most common acids in cationic AMPs, with very similar overall abundances.
Still, lysine is more common in AMPs; meanwhile, arginine is more common in antiviral
peptides [12,13]. Studies with synthetic cationic AMPs, either as derivatives of natural
peptides or of de novo design, have unequivocally shown that arginine analogs display
higher antimicrobial efficacy than corresponding lysine analogs [14–16]. While the effect of
arginine on antimicrobial activity is well established, the underlying mechanism is not fully
understood. For example, it has been observed that increased arginine content enhances
peptide embedding in artificial POPC:POPG membranes [15], with the ability of arginine
to stabilize its charge in the bilayer [17] or the ability of arginine to hydrogen bond with
surrounding water when involved with cation-π interactions with tryptophan [17,18], being
linked to arginine’s ability to embed efficiently. However, no consensus hypothesis on this
phenomenon exists.

Another essential component of AMP activity is the hydrophobic volume of the pep-
tide. The ratio of charged amino acids and hydrophobic volume is reported to correspond
with the activity of AMPs on phospholipid-based model membranes, an observation sug-
gesting that the main mode of action for cationic AMPs is bilayer disruption [19]. The
antimicrobial peptide database—ADP3 shows that 80% of all entries possessing reported
antimicrobial activities contain at least one of the hydrophobic phenylalanine or tryp-
tophan [20]. The hydrophobic bulk of these residues is believed to be important to the
membrane disruption by positioning in the interfacial region of the bilayer [10]. In particu-
lar, the paddle-like tryptophan leverages its unique indole moiety, forming hydrogen bonds
with the lipid-tail carbonyl group, and at the same time, its aromatic bulk is able to disturb
the lipid packing. Indeed, it has been previously shown that tryptophan substitution with
less hydrophobic amino acids can be used to fine-tune the natural lytic ability of rationally
designed peptides [19].

While the importance of the interplay between hydrophobicity and charge for mem-
brane interaction and disruption is well ingrained in the consciousness of AMP research,
what is often not considered is that the charge and lipophilic nature of AMPs are important
properties for binding to the lipopolysaccharides (LPS) of Gram-negative bacteria. LPS is a
major component of the outer membrane of Gram-negative bacteria and acts as a barrier
that AMPs need to cross in order to reach the bacterial membrane [21–23]. The sequence
of initial LPS binding before membrane localization or intracellular binding cannot be
avoided, and thus initial LPS interaction acts as a major bottleneck for most AMPs. In this
work, we have observed that the initial binding to LPS needs to be fine-tuned for cationic
AMPs to attain their antimicrobial activity. Just as in Southey’s tale [24], Goldilocks needed
to find her ideal conditions, so the initial interaction between AMPs and the LPS needs to
be ideal. Too strong LPS binding may prevent AMPs from reaching the membrane target or
cause aggregation of peptides in the cell wall [25]; LPS interaction that is too weak would
reduce the amount of AMP available and prevent adequate permeation through the tight
network of LPS to the bacterial membrane. In short, AMPs need to find their ‘Goldilocks’
zone of LPS affinity, where the interaction is not too tight, not too loose, but “just right”.

Here we present evidence that the interaction between AMPs and Gram-negative
bacteria is driven by an initial binding to the LPS. All compounds reaching the bilayer,
or an intracellular target, must first cross the LPS. In addition, we introduce a toolbox of
suitable experiments that can be used to quantify this kinetic process—a combination of
surface plasma resonance (SPR) and NMR experiments with live bacteria: live-cell NMR.
We have tested this toolbox in the study of the interactions of a series of cyclic cationic
AMPs (cAMPs) and several E. coli strains, including LPS-deficient and colistin-resistant
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strains. Using this toolbox, we can quantify the initial binding events towards several E.
coli strains, and we are able to identify lysine as an LPS binder in the ‘Goldilocks’ zone
of affinity.

2. Materials and Methods

All the common chemicals are of analytical purity and supplied by Merck KGaA,
Darmstadt, Germany. All the lipid samples had been supplied by Avanti Lipids (Alabaster,
AL, USA).

2.1. Peptide Synthesis

The peptides were prepared from 2-Chlorotrityl chloride resin and Fmoc-Trp(Boc)-
OH as the first amino acid using a solid phase peptide synthesis strategy. The synthesis
followed synthetic protocols previously reported [26]. The side-chain-protected linear
peptide precursors were prepared by an automated peptide synthesizer (Biotage Initiator
+ Alstra). Following resin cleavage, the peptides were head-to-tail cyclized in solution,
side-chain deprotected, and the crude peptides were purified by preparative reverse-phase
high-performance liquid chromatography. Chemical analysis of synthesized peptides is
available in the Supplementary Materials.

2.2. MIC Testing

The bacterial strains tested were E. coli ATCC 25922, E. coli CCUG 70562, and E. coli
NR-698. The MIC assays followed the CLSI guidelines [27]. Overnight cultures and MIC
assays were performed in MHBII (212322, Becton, Dickson and Company, Sparks, MD,
USA). In addition, E. coli NR-698 was tested after cultivation with 4 µg/mL of colistin to
induce alternation in surface charge.

2.3. Liposomes Preparation

The large unilamellar liposomes of DMPC and DMPC:PG (95:5) were prepared for the
SPR experiment using standard methods [28]. In brief, lipid mixtures were weighted from
dry powder (Avanti, USA) and dissolved in 3:1 dichloromethane:methanol mixtures. The
organic mixture was dried in a vacuum rotavapor to form a lipid film which was hydrated
to 20 mM total concentration of lipids (for DMPC and DMPC:PG mixture) by adding
10 mM HEPES buffer pH 7.4 with 150 mM NaCl. For DMPC:LPS mixtures, dried LPS was
dissolved in water and mixed with DMPC dissolved in dichloromethane. Isopropanol
was added to the mixture until only one phase—dichloromethane:isopropanol:water was
formed [29]. Dry film was prepared and then hydrated using the same method as above to
a concentration of 18 mM of DMPC and 10% (w/w) LPS in HEPES buffer. Lipid liposomes
were extruded 13 times through a 100 nm diameter pore using an Avanti Mini Extruder kit.

2.4. SPR

The SPR experiments were performed at room temperature using the L1 chip and
T200 Biacore instrument (GE Healthcare, Chicago, IL, USA). The experimental setup is the
same as in Jakubec et al. (2020) [30]. Briefly, lipid liposomes were immobilized on a cleaned
surface of the chip using a flow rate of 2 µL/min for 2400 s. The immobilization efficiency
was tested by injecting 0.2 mg/mL of bovine serum albumin (BSA, A7030, Sigma-Aldrich,
Saint Louis, MO, USA) for 1 min at 30 µL/min. The change of RU less than 400 indicated
sufficient coverage. Next, diluted peptides were injected over immobilized liposomes using
a flow rate of 15 µL/min for 200 s with a subsequent 400 s dissociation phase. The peptide
concentration was from 4 to 128 µM, except for poorly binding peptides c(LWwNKr) and
c(WKWKWK), which were set from 24 to 768 µM to reach vesicle saturation. Samples
were injected from low to high concentrations due to the possibility of sample retention
in the liposomes. Between individual injections, liposomes were regenerated by three
subsequent 30 s injections of 10 mM NaOH at a 30 µL/min flow rate. The control flow cell
was treated the same way as the sample cells, except sample injections were replaced by
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HEPES buffer. The results were processed using in-laboratory written MATLAB scripts
(MATLAB R2022a; scripts are available at [31]). KD was obtained Using Equation (1) from
a standard steady-state fit:

RU =
RUMAX

1 + KD
[P]

+ off, (1)

where RU is measured SPR response; RUMAX is RU response during saturation; [P] is
peptide concentration; and off is offset of response.

KP was obtained from steady-state using a method developed by
Figueira et al. (2017) [32] using Equation (2):

RUS

RUL
=

γLKP
MS
ML

[S]W
1 + δγLKP[S]W

, (2)

where RUS is the relative response of the solute (peptides); RUL is the total lipid deposition
response; γL is the molar volume of the lipids (average for mixtures); MS and ML are the
molecular mass of the solute and lipid, respectively; and [S]W is the concentration of solute
in water. KP is the partitioning constant, while σ is the lipid-to-solute ratio. The two latter
are obtained from the fit.

The koff rate was obtained from the first 200 s of dissociation using adapted formalism
from Figueira et al. (2017) [32] using Equation (3). Contributions from two populations
were identified, so the average koff response was calculated by Equation (4).

SL(t) = αe−koff,αt
+ βe−koff,β

t
+ SL,r, (3)

koff =
αkoff,α+ βkoff,β

α+ β
, (4)

where SL is the linearised ratio of responses of the solute and lipid, which is plotted
against the time of dissociation; α and β are individual populations; and SL,r is the retained
solute fraction.

The association rate kon was obtained from experimentally measured KD and koff by
Equation (5):

KD =
koff
kon

. (5)

2.5. NMR Experiments

NMR spectra were acquired on a Bruker Avance III HD spectrometer operating at
600 MHz for 1H, equipped with an inverse TCl cryo probe. All NMR spectra were acquired
at 298 K using 5 mm tubes using standard pulse programs [31].

2.5.1. Live Cell NMR

E. coli strains ATCC 25922, CCUG 70662, and NR 698 were grown until OD600 ≈ 0.6–0.8
in standard Lysogeny Broth at 37 ◦C from overnight colonies on agar plates. This allowed
bacterial cultures to reach an exponential state of growth. CCUG 70662 was cultivated with
and without 4 µg/mL of colistin in both agar and broth to allow for modification of the
lipid A part of LPS [33]. After that, cells were carefully centrifuged by 6000× g for 10 min,
the supernatant was discarded, and the cell pellet was resuspended in 10 mM Tris buffer
with 100 mM NaCl and pH 7.4. The process was repeated two more times to wash
out broth components and leftover colistin. Cells were then resuspended in 1 mL of
Tris buffer, and OD600 was checked by dilution of 100 µL of the sample. The number
of cells was estimated from OD600 of the sample using the formulation presented by
Beal et al. (2022) [34]. Furthermore, lipid concentration was estimated to be 50 mmol per
bacterial cell [35]. The part of samples was diluted to OD = 1 in Tris buffer, and zeta
potential was measured on Malvern Zetasizer Nano (Malvern Ins., Malvern, UK). The
concentrated cell sample was then titrated (from 5 to 160 µL) into the 500 µL of peptide
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(1 mg/mL) in Tris buffer with 5% D2O and 1H spectra was collected using double solvent
suppression with excitation sculpting and presaturation (zqesgppepr) with extended delay
d1 = 8 s to allow for complete relaxation of nuclei.

Spectra were processed automatically using TopSpin 4.0.8 (Bruker, Bremen, Germany)
and by Matlab R2020b with Signal processing and Bioinformatics toolbox (Natick, MA,
USA). The processing scripts are available at Github [31].

KD was estimated from individual signal integral by using Equation (6) developed by
Shortridge et al. (2008) [36] for invisible binding states:

Bexpt = 1 −
1

1 + [Lip]T
[AMP]T+KD

(

γB
γF

− 1
) , (6)

where Bexpt is measured integral decrease; [Lip]T is total lipid concentration estimated from
the amount of titrated cells; [AMP]T is total peptide concentration; and γB and γF are the
line widths of bound and free AMP, respectively. Due to the nature of interaction and the
invisibility of the bound state line, the width ratio was estimated from the fit, and it was
used for all proton signals. This value was different for each combination of AMP and
bacterial sample, and it is noted in the Supplementary Materials.

2.5.2. Assignment

NOESY, TOCSY, DQF-COSY, 15N-HSQC, HSQC, HMBC, and H2BC NMR spectra
were recorded with standard settings. NOESY and TOCSY spectra were recorded with
mixing times of 100–400 ms and 80 ms, respectively. Spectra were processed with Top-
Spin 3.6.0, and assignments were done manually. The full assignment is reported in the
Supplementary Materials.

3. Results and Discussion

3.1. Cyclic Peptides with Balanced Lipophilic Bulk and Cationic Charge

In the present work, we have selected to limit the conformational freedom the peptides
may adopt with head-to-tail cyclization. The peptides designed for this study were cyclo-
hexapeptides with an equal number of cationic residues (Arg or Lys) and bulky lipophilic
residues (Trp), thus fulfilling the pharmacophore for short synthetic cationic antimicro-
bial peptides against both Gram-positive and Gram-negative bacteria [26]. Two types
of sequences were selected, either sequence where the cationic residues and tryptophan
are alternating or a “clumped” sequence where the cationic residues are adjacent in the
sequence and the tryptophan residues likewise. In addition, we have included a fifth
peptide with a similar general structure—a cyclohexapeptide which proved to be both a
very poor antimicrobial and lipid binder (Figure 1).

Cyclic hexapeptides tend to adopt conformations where two opposing β-turns link
two short antiparallel β-strands. Using the Dunitz–Waser concept [27], there are two gross
variants of the cyclic hexapeptide; one resembling the chair conformation of cyclohexane
through the twisted βI turns, the other resembling the boat conformation of cyclohexane
due to the presence of the flatter βII turns (Figure 1). An alternating sequence c(WR)3 or
c(WK)3 would, due to the internal symmetry, give rise to only one structure within each
gross conformation, whereas the clumped sequences, c(WWWRRR) and c(WWWKKK),
would possibly form two different structures within each gross conformational category.

Moreover, the linear variants of selected peptides have already been shown to possess
interesting antimicrobial potential. The linear peptide WWWRRR has been demonstrated
to exhibit the best combination of length and activity [14]. Additionally, the peptide
WRWRWR had demonstrated promising activity against methicillin-resistant S. aureus [37],
while the peptide WKWKWK exhibited decreased activity when the sequence was shifted
to KWKWKW [38]. Presented peptides thus correspond to new cyclic variants of linear
antimicrobial peptide analogs.
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better overview.

3.2. Antimicrobial Activity of Peptides

The antimicrobial activity of the five cyclic cationic AMPs was determined against
S. aureus, P. aeruginosa, and three strains of E. coli: ATCC 25922, LPS colistin-resistant strain
CCUG 70662, and LPS deficient strain NR 698 (Table 1). CCUG 70662 was cultivated in
two conditions, both in the absence (−) and in the presence (+) of colistin (4 µg/mL). Resis-
tance development can be monitored by measuring changes in the ζ-potential, reflecting
the overall charge of the bacteria. Indeed, cultivating CCUG 70662 in the presence of
colistin caused a decrease in the ζ-potential [33]. This change is due to the addition of
phosphoethanolamine to the lipid A moiety of LPS, reducing the overall negative charge
of the LPS [33,40]. In the NR 698 strain, translocation of LPS from the periplasmic space
to the outer leaflet is hindered. This increases the susceptibility of the bacteria to bile
salts, chlorobiphenyl-vancomycin, vancomycin, bacitracin, novobiocin, rifampicin, and
erythromycin, amongst others, suggesting that the poor LPS translocation results in a
deficient outer membrane [41]. The most active AMPs were those with clumped residues,
c(WWWRRR) and c(WWWKKK), followed by the peptides with alternating sequences,
c(WRWRWR) and c(WKWKWK). Subsequently, the AMP c(LWwNKr) was included as
a negative control as it showed no detectable antimicrobial activity on E. coli strains ex-
cept the NR 698 strain and had only a weak affinity towards lipid membranes during the
preliminary experiments.

One important observation is that the colistin-resistant strain CCUG 70662 is still
susceptible to the tested hexapeptides even after cultivation with colistin which induced
the modification of lipid A. Colistin has been shown to bind LPS and displace divalent
cations from lipid A. This will increase the fluidity of LPS and cause major disruption of
the outer membrane, and allows for the colistin to reach the periplasmic space [42,43]. The
following bacterial toxicity is not fully explained, as outer membrane integrity is not crucial
for bacteria survival. Currently, there are three major theories on colistin antimicrobial
activity: direct disruption of the inner membrane, vesicle-vesicle contact pathways, or
targeting of lipid A in the periplasmic space [42–44]. Regardless, these theories lead to
the final disruption of inner membrane integrity and subsequent cell death. No change in
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activity against CCUG 70662+ with modified lipid A suggests that the mode of action of
the tested hexapeptides is not directly related to lipid A binding. Therefore, following these
MIC results, we have utilized surface plasmon resonance experiments to directly measure
the compounds’ ability to translocate into lipid bilayers.

Table 1. MIC and ζ potentials for the tested peptides against P. aeruginosa, S. aureus, and the three
E. coli strains: ATCC 25922, LPS deficient—NR 698, and colistin-resistant CCUG 70662, which was
tested after cultivation with (+) and without (−) 4 µg/mL of colistin, which caused a decrease of
negative charge of the cell wall. MIC values for P. aeruginosa, S. aureus, and E. coli ATCC 25922 are
reproduced from [45].

AMP MIC (µg/mL)

P. aeruginosa
ATCC 27853

S. aureus
ATCC 9144

E. coli
ATCC 25922

E. coli
CCUG 70662−

E. coli
CCUG 70662+

E. coli
NR 698

Zeta
potential - - −21.3 ± 0.6 mV −21.8 ± 0.8 mV −14.3 ± 0.5 mV −21.2 ± 0.6 mV

c(LWwNKr) >250 >250 >250 >250 >250 32
c(WKWKWK) >250 128 64 64 64 4
c(WRWRWR) 64 32 32 16 32 2
c(WWWKKK) 32 32 8 4 4 2
c(WWWRRR) 16 4 8 8 8 4

3.3. SPR and Choice of Lipid Models

SPR is emerging as the method of choice for measuring the partitioning of small com-
pounds into lipid bilayers [32,45,46]. In SPR, liposomes are immobilized on the surface of
the SPR chip, and AMPs are injected over the lipid layer at increasing concentrations. The
measured change in the response of the plasmon wave allows for the determination of both
the partitioning, KP, which is defined as the concentration of peptide in the lipid bilayer
over the concentration of peptide in water ([AMPs] in lipid/[AMPs] in water), and the disso-
ciation rate koff [32]. In addition, the dissociation constant (KD—Supplementary Materials)
can be estimated from the steady-state data using a generalized binding model. From
the estimated KD and the measured koff values, the association rate kon can be calculated
(Equation (5)). For the lipid models, DMPC and DMPC:DMPG (95:5) liposomes, as well
as DMPC liposomes containing 10% LPS (isolates from E. coli O111:B4), were used. The
rationale behind the selection of models is their representation of key membranes. The
DMPC liposomes possess a neutral membrane, akin to a eucaryotic membrane, and a useful
probe of the lipophilic nature of the AMPs in the membrane interaction. The presence
of 5% DMPG in the DMPC:DMPG liposomes provide a net anionic lipid surface, more
similar to a procaryotic membrane. Finally, the LPS-containing liposomes are used to model
the outer membrane of Gram-negative bacteria, with LPS being a unique and abundant
component of the Gram-negative outer membrane.

3.4. Antimicrobial Activity Broadly Correlates with KP for DMPC Liposomes

The measured KP for the different peptide and lipid membrane combinations spans
a wide range of values covering three orders of magnitude (Figure 2). c(WWWRRR)
strongly partitions into the DMPC lipid bilayer, with the highest KP of the series—6649,
whereas the negative control peptide, c(LWwNKr), showed a very poor preference for
DMPC with a KP of 278. Introducing 5% of a negatively charged component (DMPG) to
the liposomes doubled the KP of all peptides except c(WKWKWK), where the increase was
less substantial.
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Figure 2. SPR results (A): Example SPR traces from c(WWWRRR) interaction (from 4 to 128 µM)
with DMPC:PG liposomes. Red points indicate values used for steady-state fitting (to obtain KD and
KP). The grey rectangle indicates the dissociation process which is used to obtain koff, according to
Figuera et al. (2017) [32]. (B): Partitioning constants KP. Full, empty, and grey bars correspond to
DMPC, DMPC:PG (95:5), and DMPC:LPS (90:10) liposomes, respectively. (C): Dissociation rate koff.
(D): Association rate kon, which is obtained by calculation using measured KD (Figure S1) and kon.
Values used in the plot are available in Table S1. Values for DMPC and DMPC:PG interaction are
reproduced from [45].

The antimicrobial activity against Gram-positive S. aureus closely follows the KP in
DMPC liposomes. However, the trend for MIC against Gram-negative bacteria was less
clear. The KP is calculated from steady-state conditions, so the value corresponds to the sum
of possible interaction states, including “coating” of the surface membrane, self-aggregation,
and any penetration. This sum of values does not correspond closely with antibacterial
activity against Gram-negative bacteria. This could be due to the hindrance of peptide
translocation through LPS-loaded outer membranes of Gram-negatives [47]. Despite this,
KP can still be used for activity ranging against Gram-negatives, as the most active peptides
have KP values up to one order of magnitude higher than the inactive peptides.
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3.5. The Initial Peptide:Membrane Association Is Affected by LPS

Both c(WWWRRR) and c(WWWKKK) display significantly different KP and koff values
when measured against DMPC and DMPC:PG liposomes, a finding that was unexpected
due to their similar MIC against E. coli. As such, further explorations of the model space
were warranted to achieve a better model for the Gram-negative. To this end, 10% LPS was
incorporated into the DMPC liposomes. LPS is a crucial component of the outer membrane
of Gram-negative bacteria and is absent in Gram-positive bacteria. The ketodeoxyoctanic
acid component in LPS confers an anionic charge to the DMPC:LPS construct [48]. We have
previously observed that the binding efficacy of the peptides was significantly enhanced by
the introduction of negatively charged head groups, pointing to the importance of negative
charge in the membrane for binding the cationic peptides. When 10% LPS was introduced
to the DMPC membranes, enhanced binding of the AMPs to the DMPC:LPS construct was
observed—similar to the introduction of DMPG to the DMPC membranes.

All active peptides demonstrated an increase in KP to the DMPC:LPS membranes
compared to DMPC. A greater increase in binding to the LPS membrane relative to the
negatively charged DMPC:PG membranes was also generally observed. However, two
noteworthy exceptions can be identified. Firstly, c(LWwNKr) sees a four-fold increase in
KP compared to the DMPC and DMPC:PG constructs, suggesting a strong preference for
the LPS. Secondly, although c(WWWKKK) sees an enhanced KP when LPS is present, this
effect is less pronounced than in DMPG:DMPC membranes. This indicates that the anionic
charge of the lipid head group is a greater driver of the interaction between the AMP and
the lipid bilayer than LPS. The presence of LPS has no effect on koff for any of the active
peptides. Instead, LPS significantly increases their association rate kon. This is coherent
with the proposal that LPS is a driving force for the initial interactions of AMPs but that it
is not the final destination; this remains the lipid bilayer. Hence, the introduction of LPS in
the bilayer boosts kon while koff remains largely unchanged.

LPS forms a unique combination of two barriers: a hydrophilic barrier is provided
by a densely packed oligosaccharide core, and a hydrophobic barrier is provided by the
hydrocarbon chain region of lipid A buried in the phospholipid membrane [49]. During
the initial interaction between AMPs and LPS, the oligosaccharides can hinder the cationic
AMPs and slow their localization into the membrane. This has been shown previously
with the linear peptide K5L7, where its association with LPS prevents it from reaching its
target, reducing its activity [21]. Meanwhile, its diastereomer 4D-K5L7, which can penetrate
LPS, has higher activity. This modification of peptide configuration changes its binding
mode with LPS without affecting the lipophilicity of the peptide and renders one peptide
active and the other inactive. The difference in KP for the clumped c(WWWRRR) and
c(WWWKKK) is not reflected in their antimicrobial activity and can be interpreted as
a consequence of the same LPS-induced phenomenon. In the presence of LPS, a much
stronger association of c(WWWRRR) than c(WWWKKK) to the DMPC:LPS liposomes can
be observed. If the activity was to follow affinity directly, c(WWWRRR) would be expected
to be the most active of the two; however, both peptides have similar MIC values across all
strains. This suggests that the antimicrobial activity of c(WWWRRR) is hindered by LPS
association; that is to say, it is bound too tightly and strays out of the Goldilocks zone of
LPS binding. The loss of activity in the presence of LPS can also be observed on the less
lipophilic peptides (with lower KP) c(LWwNKr), c(WKWKWK), and c(WRWRWR) as the
MIC of these peptides is improved against NR-698. This strain has deficient LPS transport
to the outer membrane, and as a result, there is a lower abundance of LPS in the outer
membrane, which is replaced by phospholipids [41].

The SPR results, taken as a whole, suggest that peptides with a good combination of
hydrophobicity and hydrophilicity, translating into a beneficial combination of kon and
koff rates, will pass the LPS and outer membrane unperturbed reaching their antimicrobial
target—either the inner membrane or an intracellular binding partner. From the tested
peptides, the best combination of these rates is observed for c(WWWKKK)—a high kon
towards LPS allows efficient entry, but a relatively high koff allows for translocation towards
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the inner bilayer and prevents peptide sequestration in the outer membrane. Indeed, of
the tested AMPs, c(WWWKKK) seems to have koff and kon rates within the most efficient
combined range, following the Goldilocks principle. However, lysine is known to be
generally less destructive towards lipid bilayers [17].

3.6. NMR Line Shape Analysis Can Be Used to Probe Binding Strength of AMPs towards
Lipid Liposomes

In addition to SPR, 1D 1H line shape NMR analysis was performed by titration of lipid
liposomes into a fixed concentration of peptide. The size of the vesicle/AMP complex will
result in line broadening and signal loss of the monitored compound with an increasing
concentration of liposomes. This loss of the signal can be quantified, and the dissociation
constant, KD, can be estimated [36,50]. This method has previously been used to monitor the
kinetics of enzymes and various inhibitors [51], to monitor protein binding to different lipid
models [30], or in the qualitative assessment of AMP binding towards bacterial cells [52].
However, it is important to note that signal attenuation and line broadening are caused
by relaxation, sample inhomogeneity, as well as contributions from the chemical exchange
in the NMR time scale, which can vary for different molecules, different interactions, and
different concentration ranges. Nevertheless, SPR showed that all five tested peptides have
relatively slow off-rates, koff < 10 s−1 [53]. If we assume that the off-rates for free liposomes
in solution are comparable to those of immobilized and partially fused liposomes to the
SPR chips [32], then the contributions from on/off-exchange processes are not expected
to significantly affect the effective relaxation, and the major source of attenuation is fast
relaxation caused by the slow correlation time of the peptides in complex with the lipid
bilayer or LPS (Figure 3).
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Figure 3. Line shape analysis of liposomes and AMP interaction. On the left are 1H spectra of
c(LWwNKr) (A) and c(WWWRRR) (B) after titration of DMPC liposomes (from 0 to 655 µM). The
signal loss (attenuation) can then be used to quantify KD (C). Stars in the box plots indicate outliers.

The results from the line shape analysis can be used to rate the
peptides in the same order as SPR from highest to lowest affinity:
c(WWWRRR) > c(WWWKKK) ≫ c(WRWRWR) > c(WKWKWK) > c(LWwNKr). When
LPS was present, the c(LWwNKr) and c(WKWKWK) peptides were most affected
by the change, with a notable decrease in KD. The most efficiently bound peptides,
c(WWWRRR) > c(WWWKKK), were not affected by the LPS addition. The NMR line
shape analysis data follows the same general qualitative trend of the SPR with minor
quantitative differences, which could be caused by the different states of the lipid bilayer
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between the NMR and SPR experiments. Nevertheless, line shape analysis offers a simple,
alternative method to explore peptide binding towards model lipid membranes.

3.7. Live Cell NMR Highlights Strain Differences

While binding of the AMPs is a necessity to achieve bacterial killing, it may neither be
sufficient to explain the differences between the activities of individual compounds nor the
main factor for the mode of action. We aimed to expand the NMR toolbox to include live
cells with the aim of connecting the observed lipid partitioning, MIC activities, and mode
of action. To our knowledge, this is the first time the live cell NMR approach has been used
to quantify peptide:bacterial cell binding.

For the live cell NMR, the same E. coli strains as for the MIC testing (see above) were
used. In addition, the ATCC 25922 cell lysate was used to observe the effect the release of
intracellular components has on peptide binding. To measure the initial AMP:bacterial cell
binding, we titrated an increasing number of cells into a known and fixed concentration
of AMP and monitored the signal attenuation of the peptide (Figure 4A,B). From this, we
have extracted the KD for each AMP towards the bacteria using the method developed by
Shortridge et al. (2008) [36] (Figure 4C), which allows us to estimate the binding affinity
based on signal broadening (see Section 2). There were major affinity differences for
individual strains tested, as summarized in Figure 4D.
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Figure 4. Peak broadening and signal loss during titration of E. coli live cells into AMPs. (A): 1H
NMR spectra of c(WRWRWR) during titration of E. coli ATCC 25922 (increasing cell concentration
from bottom to top). (B): Changes in proton integrals for c(WRWRWR) during titration of E. coli

ATCC 25922 and NR 698. During titration peptide:lipid ratio decreases with the addition of more
cells. (C): Example of fit (according to Shortridge et al. (2008) [36]) of attenuation for tryptophan 1H
signal ζ3 of c(WRWRWR) in the presence of ATCC 25,992 (solid) or NR 698 (dashed). The assignment
is included in Supplementary Materials. The concentration of lipids per bacterial cell is estimated
to be 50 mmol [35]. (D): Overview of KD obtained from live cell NMR. For the sonication method
of ATCC 25922, see Supplementary Materials. CCUG 70662, a colistin-resistant strain, was grown
without (−) and with (+) 4 µg/mL of colistin, which caused modification of lipid A and change of
overall zeta potential (Table 1). NR 698 is strain deficient in LPS transport to the outer membrane,
which causes membrane deficiency. Stars in the box plots indicate outliers.
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3.8. Inactive Peptide c(LWwNKr) Binds Strongly to ATCC 25922 and NR 698

No direct correlation between the live cell affinity and MIC activity is seen in the
data. Furthermore, there were significant differences between the different E. coli cell
lines, highlighting AMP:strain specificity. Accordingly, a conservative interpretation of the
differences in binding affinity between different strains is called for. However, interesting
observations of the differences in AMP binding within each individual strain exist. For
example, the SPR results showed that peptide c(LWwNKr) has poor partitioning and
retention in a lipid bilayer, which is only slightly improved by the presence of LPS. Now,
the markedly different affinity of c(LWwNKr) to different strains suggests that this peptide
can interact with an unknown component (possibly membrane proteins) in the outer
part of the bacterium, different than phospholipids and LPS, which is more abundant in
ATCC 25922 and NR 698 and less present or mutated in CCUG 70662. In addition, the
KD is decreased for the lysate ATCC 25922 sample, suggesting non-specific binding with
intracellular components (larger surface area) or increased availability of alternate binding
sites. Still, binding of the c(LWwNKr) peptide provides no or very inefficient antimicrobial
effect, as shown by its high MIC values.

3.9. Active Peptides Are Less Affected by Changes in Membrane Composition

There is no significant change in KD for c(WWWRRR), c(WWWKKK), and
c(WKWKWK) between the lysate and live cell ATCC 25922. This suggests that these
peptides are able to interact with their target in intact cells and are not affected by the
presence of free intracellular components. Meanwhile, with c(WRWRWR), there is a
two-fold increase in KD (a decrease in affinity after sonication). This may be caused by the
partial disintegration of LPS molecules by sonication [54], and so eliminating the major
binding site of c(WRWRWR).

The preference of c(WRWRWR) towards LPS can also be seen from a decreased affinity
towards the activated CCUG 70662+, where lipid A is modified, compared to the native
CCUG 70662−, highlighting the impact of the charged component of LPS on the bind-
ing of c(WRWRWR). The decrease in affinity may also be accompanied by a decrease in
antimicrobial activity, with a single titer increase in MIC against CCUG 70662+ (Table 1).
Taken together, this may indicate that c(WRWRWR) derives its activity by binding to the
lipid A component of LPS. An increase in KD is also observed in c(WKWKWK) when
lipid A is modified, though this is less pronounced in comparison to c(WRWRWR). In
opposition to this trend, both clumped peptides had decreased KD when lipid A was
modified. These results point to the main driving force of clumped peptides being hy-
drophobic interactions, while the alternating peptides are driven by charge. The SPR results
support the observation that arginine is a more proficient LPS binder than lysine, suggest-
ing that arginine-containing peptides should be most affected by the LPS modification.
c(WWWRRR) is able to compensate for the reduced LPS affinity with increased hydropho-
bicity, which allows the peptide to efficiently partition into the lipid bilayer. However, this
advantage is lost in the alternating peptide c(WRWRWR), and this is evidenced by the large
increase in KD towards the modified LPS strain.

Due to strain differences, it is not possible to compare ATCC 25922 and NR 698 directly.
However, c(WRWRWR) demonstrated KD differences between the two strains that were
not evident for the other peptides. For ATCC 25922, the KD of c(WRWRWR) is in a similar
range to the other peptides (~50–200 µM), and for NR 698, it moves beyond 500 µM. This
could be explained by the decrease of LPS in the outer membrane of NR 698. The notion
that c(WRWRWR) binds lipid A may be further strengthened by the fact that there is
reduced affinity towards the NR-698 strain, as the reduced transport of LPS to the outer
membrane results in lower availability of lipid A [41].

3.10. Different Binding Modes of Hexapeptides towards ATCC 25922

The protons of most of the tested peptides experienced similar attenuation through
the whole peptide; this led to uniform KD values, as shown in Figure 5D. This is especially



Biomolecules 2023, 13, 1155 13 of 17

true for peptides with alternating sequences where due to their molecule symmetry, we can
only observe the average proton signal for dipeptides units (WR or WK). However, some
combinations of the clumped peptides and strains showed outliers for specific protons.
These outliers suggest that there is a shift in the average binding of the peptide, i.e., a
preference for a particular orientation/conformation of the peptide or a change in the
internal dynamics of the ring. A breakdown of these outliers for binding towards ATCC
25922 is in Figure 5. For c(WWWKKK), the highest KD was observed for the protons on Cβ

of the three tryptophan residues (Figure 5E). Meanwhile, the highest KD for c(WWWRRR)
was localized on Cβ of Arg2 and Cγ of Arg3 (Figure 5F). This shows that, on average, there
is a markedly different type of interaction between these two peptides and the bacteria.
This deviation could be due to either structural differences or different interaction dynamics
of the peptides—suggesting differences in binding modes.
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Figure 5. Comparison of c(WWWKKK) and c(WWWRRR) binding to ATCC 25922. (A,B): Fit of signal
attenuation for all resolved proton traces according to Shortridge. (C,D): Box plot of KDs obtained
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of Lys2 for c(WWWKKK) and Cβ of Arg2 and Cγ of Arg3 for c(WWWRRR).

Arginine and lysine are both cationic residues with very similar properties. They are
both basic amino acids with similar pKA in an aqueous environment (∼12.5 for Arg [55] and
∼10.5 for Lys [56]), which enables them to be charged in most physiological circumstances.
It has been shown that these amino acids can be, to some extent, exchangeable without
affecting the peptide’s secondary structure [15,57]. However, it has also been shown
that Arg is more lipophilic as poly-Arg can cross cells more efficiently than oligomers of
Lys [58]. In fact, the substitution of Arg for Lys has been shown to decrease the translocation
efficiency of host defensive peptides [59,60]. Li et al. (2013) [17] showed that this enhanced
lipophilicity could be explained by Arg’s ability to maintain its diffused charge even in the
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bilayer, unlike Lys, which seems to cross the bilayer deprotonated, or by the ability of Arg
to form hydrogen bonds and cation-π interaction at the same time [18].

This difference in the nature of the arginine and lysine interactions with the lipid
bilayer could explain some differences in signal attenuation observed in the live cell NMR.
Where the poorer affinity of Lys will cause c(WWWKKK) to bind with preferable sidechains,
meanwhile c(WWWRRR) will quickly orient itself in the bilayer, burying its hydrophobic
groups with the Arg chains available for exchange closer to the lipid headgroups; this will
lead to the higher disruption effect of arginine. Arg has a strong killing efficacy; however,
it can be sequestrated in the LPS layer [61]. Opposingly, Lys is able to reach the bilayer
unhindered, though it is not as efficient in its disruption. The combination of these effects
could lead to the similar antimicrobial activity of c(WWWKKK) and c(WWWRRR).

4. Conclusions

Using lipid model systems, we have observed a correlation between AMPs amino
acid composition and its binding towards DMPC liposomes and its correlation of lipid
affinity with antimicrobial activity. Arginine has shown to be a more efficient lipid
binder than lysine (c(WWWRRR) > c(WWWKKK)), and the clumped hydrophobic bulk
of peptides formed by tryptophan showed to be more efficient than alternating sequences
(c(WWWRRR) > c(WRWRWR)). This trend was further enhanced when we introduced 5%
of DMPG in liposomes, highlighting the increased selectivity of cationic peptides towards
anionic membranes.

However, when moving from these simple models to more complex bacterial mem-
branes, the complexity of interactions radically increases, and the simple correlation of
binding = activity is lost. The presence of only one additional component, LPS, shows
drastic changes in AMPs rating, partially explaining why peptides c(WWWRRR) and
c(WWWKKK) have different lipid partitioning but the same MIC for Gram-negative bacte-
ria; LPS efficiently binds to c(WWWRRR), lowering its potential.

Nevertheless, it is within live cells where the activity takes place, and these environ-
ments should be explored further. Live cell NMR (line shape analysis on live bacterial cells)
could help bridge this gap and offer a simple tool to measure complex interaction processes.
It has already helped to identify several potential binding partners, such as c(WRWRWR)
and lipid A binding or c(LWwNKr) and protein interactions. Further investigations are
required to fully understand the mode of action of these AMPs, but the identified targets
provide a starting point.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biom13071155/s1, Figure S1: KD extracted from steady-state SPR analysis;
Figure S2: The five peptides with numbered amino acids for structure elucidation; Figure S3: Labelled
amino acids. Table S1: KP and koff values used in Figure 2; Table S2: γB/γF-1 ratios; Table S3: Full
assignment of c(WWWKKK); Table S4: Full assignment of c(WKWKWK); Table S5: Full assignment of
c(WRWRWR); Table S6: Full assignment of c(WWWRRR); Table S7: Full assignment of c(LWwNKr).
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Peptide chemical analysis 

The crude cyclic peptides were purified by preparative reverse phase-HPLC using gradients from 15 to 40 

% buffer B (buffer A: water/0.1% TFA, buffer B: acetonitrile/0.1% TFA) over 50 minutes (11 ml/min flow 

rate). c(LWwNKr) was isolated as a white fluffy solid. HRMS (ESI): Calculated for: C44H62N13O7
+ [M+H]+ 

884.4890; found; 884.4885. c(WWWRRR) was isolated as a white solid. HRMS (ESI): Calculated for: 

C51H68N18O6
2+ [M+H]2+ 514.2779; found; 514.2775. c(WRWRWR) was isolated as a white solid. HRMS (ESI): 

Calculated for: C51H68N18O6
2+ [M+H]2+ 514.2779; found; 514.2773. c(WWWKKK) was isolated as a white 

solid. HRMS (ESI): Calculated for: C51H68N12O6
2+ [M+H]2+ 472.2687; found; 472.2682. c(WKWKWK) was 

isolated as a white solid.   HRMS (ESI): Calculated for: C51H68N12O6
2+ [M+H]2+ 472.2687; found; 472.2681. 

Table S1: KP and koff from Figure 2. 

AMP 
KP koff (s-1) 

DMPC  DMPC:PG DMPC:LPS DMPC DMPC:PG DMPC:LPS 

LWwNKr  278 ± 8  401 ± 19  1145 ± 99 1.76 ± 0.12  1.75 ± 0.16  1.01 ± 0.18 

WKWKWK  531 ± 10  630 ± 33  1191 ± 166 0.90 ± 0.24  1.32 ± 0.05  0.95 ± 0.12 

WRWRWR  1299 ± 94  3160 ± 15 4520 ± 215 0.87 ± 0.19  0.48 ± 0.05  0.70 ± 0.16 

WWWKKK  2534 ± 80  5156 ± 34  3943 ± 218 0.48 ± 0.07  0.32 ± 0.05  0.60 ± 0.15 

WWWRRR  6649 ± 80 12705 ± 16 17040 ± 1150 0.22 ± 0.02  0.19 ± 0.01  0.25 ± 0.03 

 

  



Table S2: γB/γF-1 ratios. 

AMP 

 γB/γF-1 

DMPC  DMPC:LPS 

E. coli  
ATCC 
25922 
lysate 

E. coli  
ATCC 25922 

E. coli  
CCUG 70662- 

E. coli  
CCUG 

70662+ 

E. coli  
NR 698 

LWwNKr  7.830 2.620 0.035 0.106 5.202  4.990 0.186 

WKWKWK  7.127  3.915  0.044  0.083 0.170  0.295  0.180 

WRWRWR  2.900  3.475 0.275 0.143 0.549  1.062  3.059 

WWWKKK  0.297  0.402  0.225  0.289 0.317  0.197  0.370 

WWWRRR  0.247 0.199 0.216 0.239 0.473  0.238  0.819 

 

 

 

Figure S1: KD extracted from steady state SPR analysis 

 

  



 

 

Figure S2: The five peptides with numbered amino acids for structure elucidation. 

 

 

 

Figure S3: Labelled amino acids. 
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Label‑free measurement 
of antimicrobial peptide 
interactions with lipid vesicles 
and nanodiscs using microscale 
thermophoresis
Philip Rainsford 1, Fredrik G. Rylandsholm 1, Martin Jakubec 1, Mitchell Silk 1, Eric Juskewitz 2, 
Johanna U. Ericson 2, John‑Sigurd Svendsen 1, Richard A. Engh 1 & Johan Isaksson 1,3*

One strategy to combat antimicrobial resistance is the discovery of new classes of antibiotics. Most 
antibiotics will at some point interact with the bacterial membrane to either interfere with its integrity 
or to cross it. Reliable and efficient tools for determining the dissociation constant for membrane 
binding (KD) and the partitioning coefficient between the aqueous‑ and membrane phases (KP) are 
therefore important tools for discovering and optimizing antimicrobial hits. Here we demonstrate 
that microscale thermophoresis (MST) can be used for label‑free measurement of KD by utilising the 
intrinsic fluorescence of tryptophan and thereby removing the need for chromophore labelling. As 
proof of principle, we have used the method to measure the binding of a set of small cyclic AMPs 
to large unilamellar vesicles (LUVs) and two types of lipid nanodiscs assembled by styrene maleic 
acid (SMA) and quaternary ammonium SMA (SMA‑QA). The measured KD values correlate well with 
the corresponding measurements using surface plasmon resonance (SPR), also broadly reflecting 
the tested AMPs’ minimal inhibition concentration (MIC) towards S. aureus and E. coli. We conclude 
that MST is a promising method for fast and cost‑efficient detection of peptide‑lipid interactions or 
mapping of sample conditions in preparation for more advanced studies that rely on expensive sample 
preparation, labelling and/or instrument time.
Antimicrobial peptides (AMPs) have attracted increasing attention as a source of inspiration to combat the 
looming antimicrobial resistance crisis as the discovery of new antibiotics classes has ground to a  halt1. AMPs 
are a class of peptides that have antimicrobial activity, though they are also known to possess some anti-fungal 
and anti-cancer  properties2,3. They are typically short, cationic peptides of about 12–50 amino acids, with typi-
cally at least 4 residues required for  activity4. Found in most living organisms, they are natural and indispensable 
components of innate immune  defences5–8. Currently, more than 20 000 peptide sequences with antimicrobial 
properties are published in dedicated  depositories9–13, providing a pool of potential therapeutic candidates. The 
antimicrobial mode of action of most AMPs seems to be to target the integrity and/or the electric potential of 
the membrane bilayer, or to have multiple targets and combinations of modes of action—something that makes 
resistance more difficult to develop and comes with a higher fitness cost to maintain. With some exceptions, this 
contrasts with traditional antibiotics, which usually have a well-defined target. A second advantage of AMPs is 
that there is no requirement to entirely cross the membrane, with membrane active peptides often exerting their 
activities by disrupting, permeabilising or lysing the bacterial membrane  itself14,15.

AMP affinity towards bacterial membranes is often described in two ways: As a binding event which can be 
described via the dissociation constant KD

16; or as a biphasic system, where the AMP interaction with lipids is 
viewed as a partitioning between a lipid phase and an aqueous phase, characterized by the partitioning constant 
KP

17. Both KD and KP are thus useful descriptors for screening compounds based on their interactions with the 
target bacterial membrane.
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Current methods used to assess lipid affinity typically suffer from several disadvantages. They may not be 
applicable to stronger bindings (NMR)18, require labelling that impacts binding (fluorescence assays)19, be time-
consuming (NMR and SPR)20,21, demand large quantities of samples (NMR) or require fine-tuning for each indi-
vidual compound (SPR and ITC)20,21. Microscale thermophoresis (MST) is a method that does not possess these 
 disadvantages22. It is a simple but powerful tool, that enables binding parameter determination by observation of 
the effects of binding on a fluorophore and on the relative thermophoretic properties of the complexes formed. 
Bindings are obtained by monitoring changes in the fluorescence intensity of a complex over time upon exposure 
to an IR laser. The laser heats a series of samples with differing ligand concentrations, causing a redistribution of 
molecules according to their relative Gibbs energies in solution at the different temperatures (thermophoresis). 
Changes in fluorescence due to ligand binding effects are monitored upon heating and re-cooling. The method 
is sensitive to changes in fold, shape, solvation shell, charge, or overall size of the ligand-bound complex. These 
changes can affect the local environment of a fluorophore by altering dynamic and static quenching, as well as 
the thermophoretic properties of the complex, and make MST sensitive to potentially minor changes in proper-
ties that arise from  binding23. MST is currently primarily used to assess biomolecular interactions, including 
the binding of ligands to various  substrates22 and  polymerisation24. A previous related application of MST by Yu 
et al. assessed the binding of an AMP using FITC-labelling25. MST can be performed using fluorophore label-
ling or label-free, taking advantage of intrinsically fluorescent amino acids like W, Y and F. The near ubiquity of 
W in many AMPs provides an opportunity to study AMP binding properties directly by utilising the intrinsic 
fluorescence of W. Additional important advantages of MST are low sample requirements, short measurement 
times and simple experimental  setup20,21,26.

Herein we demonstrate that MST is a viable method for the rapid label-free determination of AMP affinity 
towards lipid bilayers. We used label-free MST to study five cyclic antimicrobial hexapeptides (Fig. 1) and their 
bindings to three lipid systems, comparing the results to SPR data on binding to lipid vesicles.

AMPs 1–4 were selected based on a previously established pharmacophore of alternating versus clustered 
distribution of charged and hydrophobic  moieties27–31, where the clustering of W and charged residues is shown 
to be positively correlated with antimicrobial  activity4. AMPs 1–4 were confirmed to have antimicrobial activity 
(Table 1) and are a combination of alternating and clustered W residues with either R or K residues. AMP 5 was 
included as a negative control, as it was inactive against the tested bacterial strains (Table 1) and it showed poor 
lipophilic preference.

The three different lipid systems that were selected for the study were large unilamellar vesicles (LUVs), 
styrene-maleic acid (SMA)  nanodiscs32, and styrene-maleic acid functionalised with quaternary ammonium 
(SMA-QA)  nanodiscs33. The different systems were chosen to investigate both the suitability of different lipid 
models to the application of MST and lipid-AMP binding, and the impact the choice of model system can have on 
the binding. SMA nanodiscs and vesicles were chosen as they have been previously utilised in  MST23,34, and the 
effects of differences in surface curvature could be investigated. SMA-QA was selected as it possesses a cationic 
polymer belt, in contrast to SMA which has an anionic belt.

As the electrostatic attraction of cationic AMPs and anionic lipids is known to enhance their interactions, the 
association of the AMPs with both pure DMPC and a mixture of 95% DMPC and 5% PG were assessed in each 
of the three lipid systems. Finally, SPR was used as an orthogonal method to which the MST derived bindings 
could be compared.

Results and discussion
Surface plasmon resonance (SPR) characterization. The interactions between AMPs 1–5 and LUVs 
were first investigated by SPR as a benchmark for the MST measurements. The data was acquired using the same 
lipid compositions as used in the MST data acquisition. LUVs were immobilized on an L1 chip, and an increas-
ing concentration of AMPs was injected over them. Figure 2 displays typical steady state fits of the SPR measure-
ments, and the disassociation- and partitioning constants, KD and KP, extracted after 180 s are listed in Tables 3 
and 4. The dissociation rate, koff, was calculated from the dissociation step, using the methodology presented by 
Figueira et al.21, summarized in Table 2.

SPR showed values for KD, KP and koff in the range of 50–800 μM, 1–150  10−3 and 0.2–1.0  s−1 respectively. 1 
was the strongest binding compound, followed by 3, 2 and 4, with inactive AMP 5 being the weakest. This trend 
was also preserved when anionic lipids were present, but as expected, the overall affinities of all compounds was 
increased. The koff values also followed this trend with the most active AMP, 1, having the slowest dissociation. 
The overall conclusion from SPR points towards increased affinities of the clustered peptides over alternating 
ones towards both zwitterionic and ionic lipid bilayers.

Vesicle MST response profiles. For  KD evaluation by MST,  FHot was registered during the temperature 
related intensity change (TRIC) phase of the MST trace (see “Methods”). The advantage of evaluating KD during 
the TRIC phase is that any potential effects of prolonged heating on the thermostability of the sample that may 
influence the binding can be  avoided36. The dose–response profile of MST response against lipid concentration 
for 1–5 largely follows a sigmoidal curve shape (Fig. 3A,B). In the cases of 5 and 4, the weaker binding resulted 
in truncation of the sigmoidal curve, with the asymptotic region at high lipid concentration not being fully 
sampled.

A blank series consisting of only lipids was collected for each lipid composition, and a weak MST response 
could be detected at the highest lipid concentrations despite the lack of a fluorophore. The blank response was 
stable up to concentrations around 1 mM. The two to three highest lipid concentrations measured did however 
build up a background response above the noise level of the baseline (Fig. 3C,D), most likely due to increas-
ing turbidity. The added unspecific response to the last two data points thus imposes a limitation on how weak 



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12619  | https://doi.org/10.1038/s41598-023-39785-0

www.nature.com/scientificreports/

NH
N
H HN

HNNH H
N

O
O

O

O
O

O

H2N

H2N NH

NH

HN

NH2

3
c(WWWKKK)

NH
N
H HN

HNNH H
N

O
O

O

O
O

O

NH
NH

HN

2
c(WRWRWR)

1
c(WWWRRR)

NH
N
H HN

HNNH H
N

O
O

O

O
O

O
H
N NH

NH

HNHN

NH

NH

H2N

HN

NH2

HN NH2

HN

HN

N
H

NH

NH2

NH

H2N

HN NH2

NH
N
H HN

HNNH H
N

O
O

O

O
O

O

NH

4
c(WKWKWK)

HN

HN

H2N

NH2

NH2

NH
N
H HN

HNNH H
N

O
O

O

O
O

O

NH

H2N NH

HNNH2

5
c(LWwNKr)

H2N

NH

O

Figure 1.  Structures of the five AMPs Coloured red/orange—R/K, blue—W. Uppercase letters indicate l-amino 
acids, lowercase letters indicate d-amino acids.

Table 1.  Summary of the cyclic hexapeptides and their minimal inhibition concentration (MIC).

# Sequence E. coli MIC (µg/mL) (ATCC 25922) S. aureus MIC (µg/mL) (ATCC 9144) Net charge Hydrophobic residues

1 WWW RRR 8 4 + 3 3

2 WRW RWR 32 32 + 3 3

3 WWWKKK 8 32 + 3 3

4 WKWKWK 64 128 + 3 3

5 LWwNKr > 256 > 256 + 2 2
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interactions can be reliably measured (mM lipid concentration range). The turbidity did however not notably 
impact the extraction of  Fnorm in the presence of AMPs (carrying the fluorophore), as the much stronger signal 
of the fluorophore did not display any signs of inheriting the turbidity contribution to  Fnorm from the blank 
profile (raw data shown in Fig. S1). This suggests that W fluorescence was the dominant contribution to the 
measured response when it was present. It is however not possible to rule out that the light scattering effect may 
dominate the response for very weak binders. Peptide 5, for example, shows a change in  Fnorm for the final two 
points together with DMPC liposomes, the same points that are significantly affected by light scattering effects 
in the blank measurement (Fig. 3A). The effect is however absent for the same peptide together with DMPC:PG 
liposomes even though the two blanks behave similarly, demonstrating that potential light scattering contribu-
tions are difficult to predict or compensate for.

That light scattering is present at higher lipid concentrations may raise concerns that the density of lipids could 
potentially hinder the thermophoresis of analytes in the sample, even for non-interacting species. However, as 
demonstrated by Yu et al.25, the MST response of non-interacting moieties, demonstrated with FITC, is unaffected 
up to lipid concentrations of 2.5 mM. Further, sampling of the MST response in the TRIC phase of the MST 
trace means that thermophoretic effects are less dominant, minimising the risk of artefacts caused by the  lipids37.

Nanodisc MST response profiles. The MST data for two nanodisc types, SMA and SMA-QA, were evalu-
ated using the same methodology as the vesicle data, with  FHot taken during the TRIC, and  Fnorm plotted against 
log[lipid] and fit to Eq. (6). The binding profiles of AMPs binding to SMA and SMA-QA nanodiscs show signifi-
cantly different behaviours (Fig. 4).

The SMA-QA nanodiscs produce a sigmoidal-like response curve (Fig. 4D,E), as was observed for the vesicles, 
though the curve is right-shifted to higher lipid concentrations, i.e., AMPs bind more weakly to the SMA-QA 
nanodiscs than to the corresponding vesicles. The consequence of the right-shift is that the binding curves of the 
weaker binders are not fully sampled, and in some cases only a minimum  KD can be determined. As with vesicles, 
at the highest lipid concentrations light scattering can become a factor in the measurement of  Fnorm. The result 
is that it becomes impractical to fully sample the binding curve by further increasing the lipid concentration, as 
an increased influence of light scattering effects would be expected.

By contrast, the SMA-nanodiscs response is left-shifted to lower lipid concentrations, corresponding to a 
stronger binding than to the corresponding vesicles (Fig. 4A,B). The curves also deviate from the sigmoidal 
 Fnorm profile with a secondary drop in  Fnorm after reaching the maximum, in the mM range. Such profiles have 

Figure 2.  Ratio of  RUs (peptide signal) and  RUL (lipid bilayer) obtained from steady state using SPR for (A) 
100% DMPC LUVs. (B) 95% DMPC 5% DMPG LUVs. Scatter plot present experimental values and full line 
represent fit obtained from Eq. (2). Full sensograms are available at the UiT open research data  depository35.

Table 2.  Summary of  koff of AMPs 1–5 evaluated by SPR.

# Peptide
koff
PC  (s−1)

koff
PC/PG  (s−1)

1 WWW RRR 0.22 ± 0.02 0.19 ± 0.01

2 WRW RWR 0.87 ± 0.19 0.48 ± 0.05

3 WWWKKK 0.48 ± 0.07 0.32 ± 0.05

4 WKWKWK 0.90 ± 0.24 1.32 ± 0.05

5 LWwNKr 1.76 ± 0.12 1.75 ± 0.16
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previously been observed in the MST response of higher stoichiometric bindings where additional interacting 
ligands gave rise to a new species of the  complex22. In the case of nanodisc-AMP interactions, the most plausible 
explanation is that direct interactions between 1–5 and the SMA polymer gives rise to the atypical binding profile. 
A direct interaction between the free SMA polymer and the AMPs can indeed be observed in the high nM–low 
µM range in a control experiment without lipids present (Fig. 4C,G). The presence of strong interactions to the 
SMA polymer, and a multiple-phase response profile, indicates that the interaction with the polymer dominates 
the measurement to the extent that the AMP-lipid interaction cannot be directly measured in SMA nanodiscs 
(Table 3). The strength of the interaction with the SMA polymer, together with its role in stabilizing the nanodisc, 
led to the assumption that the system would be significantly perturbed. Therefore, no further attempts were made 
to deconvolute multiple interactions from these response curves.

The strong interaction to the SMA polymer can be attributed to the rich anionic maleic acid content (depro-
tonated at pH 7.4), resulting in favourable electrostatic interactions to the cationic AMPs. Consequently, no 
such binding is observed for the SMA-QA polymer, which is instead rich in cationic moieties, and thus has the 
attractive electrostatic interaction potential to cationic AMPs replaced by a repulsive potential, which is reflected 
in the response profiles being shifted towards weaker binding.

KD comparison. Comparison of the MST and SPR derived KD for LUVs shows that the absolute KD obtained 
are systematically offset by an approximate factor 4 (Fig. 5C,D and Table 3), but the relative values within each 
dataset result in the same stratification of the peptides binding strength to LUVs as measured by MST and SPR. 
The inactive peptide 5 had a considerably higher KD compared to 1–4, though the profile of 5 could not be fully 
sampled. Therefore, only the minimum KD was determined, providing an explanation as to why MST did not 

Figure 3.  MST response against lipid concentration and average  KD fits of 1–5 in different lipid vesicles 
compositions. The upper panels show 100 nm vesicles. (A) 100% DMPC. (B) 95% DMPC 5% DMPG. The lower 
panels show the blank MST response. (C) 100% DMPC. (D) 95% DMPC/5% DMPG. Error bars represent the 
standard deviation of the triplicates.
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Figure 4.  MST response against lipid concentration and  KD fits of 1–5 in different lipid nanodisc compositions. 
The left panels show SMA nanodiscs, and the right SMA-QA nanodiscs consisting of (A/E) 100% DMPC, (B/F) 
95% DMPC/5% DMPG, (C/G) polymer (no lipids*), and (D/H) nanodisc only (no peptide). *Equivalent [lipid] 
is used to estimate the amount of SMA that would be present at that lipid concentration in the corresponding 
nanodiscs. Error bars represent the range in the triplicates.
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identify the same strong dependence on the lipid composition as SPR for this peptide. Consistent with SPR, the 
clustered sequence peptides 1 and 3 had significantly stronger binding than 4. This is also consistent with the 
determined MICs, with 1 and 3 being the most active peptides. These observations are in line with previous 
reports that clustering of W residues is positively correlated with antimicrobial  activity4.

The SMA-QA derived KD compare favourably with the SPR results in the instances where the curve is ade-
quately sampled (Fig. 5B, Table 3). However, as the KD approach the mM region, the SMA-QA data set are not 
sampled sufficiently to produce reliable results. This is expressed most evidently as large errors, where, with no 
maximum reached in the sampled lipid concentrations, the fitted  KD is sensitive to outliers and small devia-
tions in the slope of the curve. One example of insufficient sampling and the resulting error is shown by the 
poor reproduction of the PC/PG discrimination observed in SPR for 2. Importantly though, when the curve is 
adequately sampled, the  KD error is consistent with user reported MST  errors26.

This is however not the case for the more active AMPs where the binding strength is well inside the sampling 
range. SMA-QA nanodiscs are thus only viable for assessing AMP-lipid interactions stronger than the mM range 
by MST.

Table 3.  Summary of  KD determined using SPR and MST. Errors represent the standard deviation of the 
triplicates. Where  KD is preceded by ‘ > , the value represents a minimum value due to insufficient curve 
sampling and no error is reported.

Peptide

SPR  (KD μM) Vesicle  (KD μM) SMA-QA  (KD μM) SMA  (KD μM)

DMPC DMPC/PG DMPC DMPC/PG DMPC DMPC/PG DMPC DMPC/PG

LWwNKr 2548 ± 493 1033 ± 58 > 670 > 650 – > 1000 – –

WKWKWK 712 ± 27 474 ± 45 282 ± 58 112 ± 29 > 713 – 8.6 ± 0.5 9.8 ± 0.3

WRW RWR 318 ± 62 105 ± 7 73 ± 53 24 ± 7 > 541 > 615 2.7 ± 0.5 5.6 ± 1.1

WWWKKK 302 ± 32 112 ± 15 28 ± 3 17 ± 13 267 ± 47 145 ± 55 1.1 ± 0.3 1.1 ± 0.5

WWW RRR 142 ± 35 70 ± 1 21 ± 3 10 ± 5 142 ± 17 40 ± 5 1.2 ± 0.5 2.2 ± 0.4

Figure 5.  KDs determined by MST and SPR to DMPC (light grey) and DMPC/PG (dark grey). (A)  KD 
determined using SMA nanodiscs (white: SMA polymer), (B)  KD determined using SMA-QA nanodiscs, (C)  KD 
determined using 100 nm vesicles, (D)  KD determined using SPR and Vesicles (extruded through 100 nm filter). 
Error bars represent the standard deviation of the triplicates.
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The SMA discs exhibit overestimated binding strengths, showing all peptides to have apparent KD of 10 µM or 
lower (Table 3), and show poor discrimination between PC and PC/PG lipids (Fig. 5A). The lack of discrimina-
tion is attributed to the strong interaction with the anionic SMA polymer dominating the response and masking 
the expected binding enhancement from the addition of the anionic lipids.

In general, the presence of PG lipids leads to a decrease in KD for all peptides by an approximate factor of 2 
when the sigmoidal binding curve could be fully sampled. In previously published work, Christiaens et al.38 found 
that individual peptides had a broad range of binding strengths, from a weak 350 µM towards PC vesicles, to 
stronger binding in the low µM-nM range to vesicles rich in anionic charges. Analysing MSP-nanodiscs by ITC 
and NMR, Zhang et al.39 observed binding to anionic lipid nanodiscs in the range of 1–2 µM. The KDs measured 
by MST are thus in line with results in the literature that shows that AMPs can bind in the low µM range to both 
vesicles and nanodiscs in the presence of anionic lipids, with an expected weakening of the interaction towards 
zwitterionic membranes. It is known that cationic AMPs have a selectivity towards bacterial membranes where 
anionic lipids and LPS are present on the outer membrane over cells with a more neutral surface. While the 
reduction in KD upon introduction of anionic lipids observed for 1–5 is not as large as described in the above 
studies, the anionic component introduced in this work (5%) is low in comparison to the 20% used by Zhang 
et al. and Christiaens et al.

The calculated KD in this work is fit using a two-state  model40. This is however not necessarily expected to be 
an accurate representation of lipid interactions, where the target has no defined binding site, and it is possible 
that self-aggregation on the lipid surface, saturation effects, cooperative- or competitive binding will occur that 
will influence the binding of further  AMPs41,42. For this reason, KD is a useful illustrative and communicable 
descriptor of AMP-lipid binding, but care would be advised to not overinterpret the absolute value. The measured 
apparent  KD is best considered a composite value representing multiple processes of a complex interaction, that 
is system- and method dependent—as also highlighted in this work.

Fluorescence intensity and  KP. The partition coefficient (KP) describes the preference of compounds 
for lipid or aqueous phases, with a high KP indicating a greater preference for the lipid phase. KD in contrast 
describes the bound state as a molecular complex rather than phase. Both KD and KP are useful descriptors of 
AMP-lipid interactions, and instruments that can determine both can offer users a great deal of flexibility in 
exploring biophysical interactions. To explore the possibility to determine the KP of AMPs 1–5 using MST, the 
single wavelength fluorescence intensities measured by the MST instrument were used. This data is routinely 
acquired during the MST measurements during the initial phase of the MST trace for use as the FCold measure-
ment and is reported as the ‘initial fluorescence’. Thus, no additional acquisition time is required. To the best of 
our knowledge, this is the first attempt to make use of this data to determine KP using MST hardware. KP was 
extracted by fitting the data to a hyperbolic partition curve described by Eq. (8), after removal of non-hyperbolic 
 points43.

Lipid-only blanks were collected to assess the effect the turbidity had on the measurements (Fig. 6). For the 
vesicles, this is a modest signal that increases linearly in the mM lipid concentration range. The increase is con-
sistent with the observed MST response reported above (Fig. 3C,D), attributed to light scattering effects. Both 
types of SMA nanodiscs similarly follow a mostly linear trend but the signals are more intense (Fig. 6).

The background fluorescence for the vesicles is modest at the initial concentrations compared to the meas-
ured fluorescence intensities of the AMP and does not have the same profile as lipid concentration is increased 
(Fig. S2). A larger increase is observed for the highest lipid concentrations, showing the influence of the turbidity 
of the system (Fig. 6). The SMA-QA nanodiscs initial background fluorescence signal is significantly stronger, 

Figure 6.  The measured fluorescent intensities of the blank lipid only samples of SMA and SMA-QA nanodiscs, 
and vesicles.
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and a substantial level is maintained over the measured concentration range. As with the vesicles and SMA-
nanodiscs, the intensity profile of the SMA-QA sample with AMP present does not match the profile when the 
AMP is present (Fig. S2). For this reason, it is not possible to subtract the blank baseline from the AMP signal. 
Hence, the final points carry increased uncertainty because of potential, but inconsistent, light scattering con-
tributions (Fig. 7 and Fig. S3).

Many AMPs, especially when using vesicles, showed a spike in fluorescence at low lipid concentrations (at 
high peptide:lipid ratio). This phenomenon has previously been described by Melo and  Castanho44, where they 
attribute the deviation to the saturation of the bilayer with AMP that prevents the uptake of additional AMPs. It 
has also been attributed to changes in conformation and peptide-peptide interactions within the bilayer when 
it is saturated with  AMPs45. To extract KP where deviations are observed, the deviant points are excluded from 
the fit. At lower lipid concentrations (high peptide:lipid ratio), a critical point is reached where the hyperbolic 
model is no longer followed and points beyond the critical point cannot be described by Eq. (8). It should be 
noted that the removal of points introduces uncertainty and increases the error of the extraction of KP; this is 
particularly problematic as the hyperbolic shape is best described by the initial points along the curve, but these 
are also the points that are the most affected by the high peptide:lipid  ratios43,44. For both SMA-QA and LUVs, 
many points deviated from the hyperbolic shape, and a large number of points needed to be removed, typically 
leaving the final 4–5 points for the final fit.

In brief, the SPR determined KP follows the KD trend that 1 > 3 > 2 > 4 > 5 for both lipid compositions, with KP 
determined in the range of 0.3–7 ×  103 for DMPC and 0.4–13 ×  103 for DMPC/PG. The MST derived KP on the 
other hand are inconsistent with both the SPR results and the MST derived KD, including the expected differences 
in partitioning to DMPC and DMPC/PG (Table 4 and Fig. 8). The difficulties in the MST KP extraction compared 
to SPR likely lies in the intrinsic differences in the methods. Label-free MST relies on the intrinsic fluorescence of 
W and the instrument measures the intensity at a fixed wavelength. The fluorescent intensity of W is influenced 
by static and dynamic quenching and may experience blue-shifting, processes that differ significantly between 
different environments, modes of binding and tendency to self-aggregate46. Significant blue-shifts of the W emis-
sion will displace the signal maximum to varying degrees away from the static detection frequency, resulting to 
a lower signal intensity being detected. Thus, there are additional factors that can negatively affect the detected 
signal in addition to the phase distribution.

Together, these results showed that the explored MST method was unreliable to extract KP for our panel of 
AMPs, and that care should be taken in the interpretation of the obtained results. However, there are some cor-
relations present that suggests that with some further work, particularly around alleviating some issues around 
the blue-shifting, that MST might become a viable tool to estimate KP in the future. The spectral shift technology 
employed in newer Nanotemper devices may be ideal to further explore KP extraction by  MST47.

Vesicle and nanodisc comparison. The SMA-QA- and vesicle derived KD showed differences between 
the two lipid systems. The vesicles produced had a diameter of ~ 140 nm and should therefore consist of approxi-
mately 200,000 lipids (with a molecular weight of ~ 140 MDa). In comparison the 22 nm DMPG SMA-QA nano-
discs contain approximately 1300 lipids (lipid weight of ~ 760 kDa), but also a substantial fraction of polymer 
(Table 5). The AMPs used have molecular weights between 884 and 1027 Da, therefore when multiple AMPs 
are binding to a single disc, the relative change in weight, size, and shape of the nanodisc-complex will be dif-

Figure 7.  Initial fluorescence and  KP fits of 1–5 in different lipid compositions of LUVs. (A) 100% DMPC. 
(B) 95% DMPC with 5% DMPG. Lines and filled circles indicate the fit and the points used, unfilled circles are 
points not included. Error bars represent the standard deviation of the triplicates.
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Table 4.  Summary of  KP determined using SPR and MST  KP ×  103. Bold: good correlation with SPR. Italics: 
reasonable correlation. Errors correspond to the standard deviation of the triplicate fits.

Peptide

SPR  KP ×  103 Vesicle  KP ×  103 SMA  KP ×  103 SMA-QA  KP ×  103

DMPC DMPC/PG DMPC DMPC/PG DMPC DMPC/PG DMPC DMPC/PG

LWwNKr 0.28 ± 0.01 0.40 ± 0.02 3.10 ± 2.17 1.47 ± 0.07 6.98 ± 1.24 4.75 ± 0.32 17.12 ± 12.90 3.35 ± 0.57

WKWKWK 0.53 ± 0.01 0.63 ± 0.03 8.56 ± 7.41 14.90 ± 4.84 0.70 ± 0.11 1.14 ± 0.12 6.15 ± 6.54 3.23 ± 1.87

WRW RWR 1.30 ± 0.09 3.16 ± 0.15 7.08 ± 2.32 16.97 ± 3.83 9.72 ± 2.69 3.57 ± 0.36 36.55 ± 11.82 12.62 ± 4.16

WWWKKK 2.53 ± 0.08 5.16 ± 0.34 2.55 ± 0.89 11.05 ± 4.49 2.34 ± 1.40 4.21 ± 0.43 9.16 ± 2.86 4.93 ± 0.81

WWW RRR 6.65 ± 0.80 12.71 ± 0.16 7.24 ± 1.73 7.73 ± 1.58 10.40 ± 1.52 10.27 ± 2.13 7.07 ± 1.78 7.63 ± 1.89

Figure 8.  KPs determined by MST with DMPC (light grey) and DMPC/PG (dark grey) compared to SPR. 
A  KP determined using MST and SMA-nanodiscs. B  KP determined using MST and SMA-QA-nanodiscs. C 
 KP determined using MST and 100 nm vesicles. D  KP determined using SPR and 100 nm vesicles. Error bars 
correspond to the range of values for the triplicate fits.
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ferent than with a vesicle-complex, such relative changes may impact the  Fnorm measurement as MST is sensitive 
to these properties of the complexes  measured48. Furthermore, the fractions of the lipids in the models that are 
accessible by the AMPs differ. In nanodiscs both sides of the bilayer are accessible, and potentially enable coop-
erative interactions from opposite sides of the discs. In contrast, for vesicles only the outer leaflet of the vesicle 
surface is initially accessible, with the inner leaflet only accessible to AMPs by first translocating across the 
bilayer. However, as MST is a steady state measurement, it is unclear if this affects the observed values.

Another difference between vesicles and nanodiscs, aside from the size, is the planarity of the lipid surfaces. 
Solubilised as LUVs, vesicles have a slightly convex surface curvature which introduces surface  stress49. Nanodiscs 
on the other hand have a planar  surface50—like the surface of the cell wall that is planar at a local level. In this 
context, nanodiscs may be a more representative model system. The difference in the curvature of the two systems 
may contribute to the difference in bindings observed towards the LUVs and SMA-QA nanodiscs. Peptides have 
demonstrated curvature-sensing properties, due to their preferential binding to packing defects that arise due 
to the curvature stress. Curvature-sensing is facilitated by hydrophobic motifs in peptides and can significantly 
improve the binding of peptides to more curved  membranes51–53. The importance of hydrophobic motifs to pep-
tides is also characterised by the correlation of the clustering of W residues with antimicrobial  activity4. Indeed, 
such effects can be observed in the difference of measured  KDs of 1–4 between the planar lipid conditions (SPR 
and SMA-QA) and curved lipid species (LUVs): the clustered-residue 1 and 3 having a tenfold improvement in 
binding to LUVs compared to the alternating-residue 2 and 4 which demonstrated only a fourfold improvement.

The difference in curvature between the two systems can affect the lipid phase in the bilayers of the nanodiscs 
and vesicles. The lipids solubilised as vesicles, have a uniform phase (at 25 °C this is near the Tm of DMPC and in 
the liquid-ordered phase)54. In contrast, the lipids in SMA-nanodiscs are less tightly packed than those solubilised 
as vesicles and have a reduced melting  point55, and the same characteristics is expected of the SMA-QA nanodiscs. 
The central lipids of nanodiscs are in a more ordered  phase50, while the outermost lipids, closest to the SMA-belt, 
are perturbed by the styrene groups of  SMA55. AMPs are known to favour lipids that are in a more disordered 
phase and therefore one would expect heterogeneous interactions and distributions within the  nanodiscs56.

In addition to the lipids, the role and impact of the respective belt polymers net charge is interesting to con-
sider with regards to the two nanodisc systems. Some peptides have been shown to de-mix lipids into anionic 
lipid rich  domains57. When such domains are formed, disorder at the domain boundaries can be  exploited58. 
Polymer charge is known to affect the reconstitution of proteins and lipid species into  nanodiscs59,60, and so it is 
therefore expected that it will influence the radial distribution of both the anionic DMPG and the studied cationic 
peptides. The negatively charged SMA will favourably interact with the cationic AMPs through electrostatic inter-
actions, thereby also retaining the peptide in the proximity of the disordered lipid region. The unwanted effect of 
electrostatic interactions between SMA polymers and oppositely charged species has been previously reported 
by Ravula et al.59, where protein–nanodisc aggregates were reported due to strong electrostatic and hydrophobic 
interactions with the polymer. In MST, this was observed as a strong binding of the AMPs to both the SMA 
nanodiscs and the polymer alone, but any formation of nanodisc-aggregates was not apparent. In contrast, the 
cationic SMA-QA can have a repulsive effect on the AMPs, potentially repelling the AMPs from parts of the most 
disordered region near the polymer, containing the most favourable interactions on the nanodisc (Fig. 9). Simi-
larly, Ravula et al.59 noted the beneficial effect of repulsive charges on the reconstitution of membrane proteins.

The cationic polymer charge could also, for example, have contributed to SMA-QA-DMPG forming larger 
and more heterogenous nanodiscs compared to the SMA-QA-DMPC and SMA nanodiscs (Table 5). The poly-
mer charge may also have affected the final lipid content of the nanodiscs. 31P NMR estimated that the DMPG 
content in the SMA and SMA-QA nanodiscs were 2.7 and 4.5% respectively, from the initial vesicle content of 
5% (Figs. S4–S7), demonstrating a negative effect on the yield for matched lipid and SMA charges.

The difference in the size of the two nanodisc preparations may also influence the interactions, with the larger 
SMA-QA PG containing discs having more lipids in an ordered phase than the smaller SMA discs. The role of 
the net charge of the belt is however expected to be the main driving factor behind the 20–200 times stronger 
interaction between the SMA nanodiscs and cationic AMPs compared to vesicles and SMA-QA nanodiscs. Sur-
prisingly, while the respective KD of the AMPs towards the two systems showed much more enhanced binding to 
the anionic SMA nanodiscs, KP appeared to be measurable and consistent with SPR. Further studies are required 
to establish if the MST measured KP reflects the true partitioning to the lipids in the SMA nanodiscs in this case, 
or if the apparent correlation is a product of cancellation effects. Accordingly, the interaction between the AMPs 
and the SMA-QA is approximately 4–10 times weaker than for the vesicles, likely affected by the difference in cur-
vature and an electrostatic repulsion between the mutually cationic AMPs and SMA-QA. This could reduce the 
area of accessible lipids to interact with, in particular the lipids near the polymer that are in a less ordered phase.

Table 5.  Comparison of estimated vesicle and nanodisc sizes. *Surface area of both sides of the bilayer. 
**Assuming 100% DMPC composition with head area of 0.6  nm2 per lipid. ***Weight excludes SMA-QA 
polymer due to the uncertainty of the amount of SMA-QA per disc.

Model Vesicle
SMA-QA nanodisc
DMPC

SMA-QA nanodisc
DMPC/PG

Radius (nm) 72 6 11

Surface area  (nm2)* 120,000 260 790

Total number of lipids** 200,000 430 1320

Approx. weight** 140 MDa 290 kDa*** 890 kDa***
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The differences between the SPR and MST KD could be explained by the experimental differences between 
the two methods. In MST, peptide response is monitored as a function of lipid concentration, whereas in SPR 
the added peptide mass to lipids immobilized on a chip is monitored as a function of peptide concentration. By 
keeping the AMP concentration fixed, any changes in activity due to concentration dependent processes, such 
as self-aggregation of AMPs, either pre- or post-binding, is not monitored. For the same reason, concentration 
dependent processes of the lipid system such as fusion, aggregation or turbidity are part of the response profile. 
Despite these differences, the vesicle MST and SPR produce binding data that are consistent relative to one 
another with regards to the ranking of the AMPs and the relative differences between the determined KD values.

Conclusions
We have demonstrated that MST, leveraging the intrinsic fluorescence of W, can be used to extract KD, and 
potentially KP, of W-rich AMPs towards model lipid bilayers in a fast and label-free manner. The measured KD 
of 1–5 correlate well with both of their respective bactericidal activities (represented by MIC values) and with 
the ranking of binding obtained using SPR. We have successfully shown that MST can be used with various lipid 
particles (LUVs and nanodiscs) demonstrating robustness for studying membrane activities. The SMA-nanodiscs 
negatively charged polymer belt is not a suitable nanodisc scaffold for interaction studies with cationic AMPs, 
while SMA-QA nanodiscs are able to accurately reproduce the SPR derived results of the strongly binding AMPs. 
The results therefore highlight the need for careful consideration with regards to the lipid system to be used and 
the interaction to be analysed. Both SMA- and SMA-QA based nanodiscs are suitable constructs for ligands that 
do not directly interact with the polymers.

The extraction of the binding parameters of weak binders can be challenging due to potential interference 
from light scattering effects at high lipid concentrations compared to state-of-the-art SPR. On the other hand, 
MST analysis has much faster acquisition time and small sample/lipid requirements. With the introduction of 
automated  hardware61, MST provides a low-cost and accessible alternative with high throughput for studying 
ligand-lipid interactions that is complementary to assays that detect AMP membrane disruptive properties such 
as for example WIND-PVPA, vesicle leakage, or patch-clamp  experiments62–64.

MST would also be a highly suitable method to perform cost efficient scout experiments of sample condi-
tions for lipid interactions, before initiating more advanced studies that rely on expensive sample preparation, 
labelling and/or instrument time.

Methods
Materials. Lipids were purchased from Avanti Polar Lipids via Sigma Aldrich (Merck KgaA, Darmstadt, 
Germany). MST consumables from Maricks AS (Oslo, Norway). SPR consumables were purchased from Cytiva 
Europe—Norge (Tyristrand, Norway). All other materials were purchased from Sigma Aldrich in analytical 
purity, unless otherwise stated. Peptides and SMA-QA were prepared in house.

The bacterial strains used were E. coli ATCC 25922 and S. aureus ATCC 9144. Overnight cultures and MIC 
assays were performed in cationic-adjusted BD BBL Mueller Hinton II Broth (MHB II, 212322, Becton, Dickson 
and Company, Sparks, MD, USA).

Figure 9.  Visualisation of the difference in shape and characteristics of the lipid models and how this impacts 
the interactions of antimicrobial peptides.



13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12619  | https://doi.org/10.1038/s41598-023-39785-0

www.nature.com/scientificreports/

Peptide synthesis. Linear peptide synthesis. 2-chlorotrityl chloride resin (0.15 mmol, 1.0 meq, 150 mg) 
was swelled in DCM (5 mL) for 30 min. The resin was drained and treated with a solution of Fmoc-amino acid 
(0.3 mmol) and diisopropylethylamine (1.8 mmol, 313 mL) in DCM (5 mL). The resin mixture was left overnight 
under gentle agitation at room temperature. The resin mixture was drained, treated with MeOH (3 × 5 mL) to cap 
unreacted sites and dried with diethyl ether (3 × 5 mL). The linear peptides were prepared using an automated 
solid-phase peptide synthesizer (Biotage Initiator + Microwave System with Robot Sixty). The pre-loaded 2-chlo-
rotrityl chloride resin was first swelled in DMF (20 min, 70 °C). Fmoc deprotections involved treatment of the 
resin with 20% piperidine/DMF (4.5 mL, 3 min) once at room temp. followed by a second treatment at 70 °C by 
microwave reactor. Amino acid couplings involved treatment of the resin with 4 eq. of Fmoc-amino acid (0.5 M 
in DMF), 4 eq. of HOBt (0.5 M in DMF), 4 eq. of HBTU (0.6 M in DMF) and 8 eq. of DIEA (2 M in NMP) for 
5 min at 75 °C by microwave reactor for all Fmoc-amino acids except Fmoc-Arg(Pbf)-OH, which was coupled 
for 60 min at room temp. After each Fmoc deprotection and amino acid coupling, the resin was washed with 
DMF (4 × 4.5 mL × 45 s). After preparation of the resin-bound sidechain protected linear peptide, a final Fmoc 
deprotection and wash was preformed and the resin dried (3 × 5 mL MeOH, 3 × 5 mL  Et2O). The resin-bound 
peptide was treated with 20% 1,1,1,3,3,3-Hexafluoro-2-propanol in DCM (2 × 5 mL × 15 min), followed by rins-
ing of the resin with DCM (5 mL). The filtrates were combined and concentrated under reduced pressure to yield 
the sidechain protected linear peptide.

Head‑to‑tail cyclisation and deprotection. The linear peptide (approx. 0.15 mmol) and diisopropylethylamine 
(0.9 mmol, 157 mL) were dissolved in DMF (10 mL) and added to a solution of PyBOP (0.45 mmol, 234 mg) 
in DMF (100 mL) under light stirring at room temperature. After 1–2 h (monitored for completion by mass 
spectrometry), the mixture was concentrated by reduced pressure and treated with a solution of TFA/triisopro-
pylsilane/water (4 mL, 95%, 2.5%, 2.5%) then left to stand for 3 h. The mixture was concentrated under  N2 gas 
flow followed by precipitation with ice-cold diethyl ether (15 mL). The precipitate was collected by filtration, 
washed with diethyl ether (15 mL), dissolved in 50% acetonitrile/water, and lyophilized to yield the crude, cyclic, 
sidechain deprotected peptide.

Purification. Peptides were purified by preparative reverse-phase HPLC (Waters 600 instrument with Waters 
2487 Dual Absorbance detector) with a SunFire Prep. C18 OBD column (10 mm, 19 × 150 mm) using linear 
gradients of 0.1% TFA/water (buffer A) and 0.1% TFA/acetonitrile (buffer B) with a flow rate of 10 mL/min 
unless otherwise stated.

Analysis. Crude and final cyclic peptide products were analysed by FT-MS (Thermo Scientific LTQ Orbitrap 
XL instrument) and by analytical reverse-phase HPLC (Waters 2795 Alliance HT system with Waters 2996 PDA 
Detector), using an Ascentis C18 column (3 mm, 3 × 100 mm) and solvents of 0.1% TFA/water (buffer A) and 
0.1% TFA/acetonitrile (buffer B) with a linear gradient of 0–60% buffer B over 15 min and a flow rate of 0.5 mL/
min.

Minimum inhibitory concentration (MIC) assay. The MICs for 1–5 were determined using the CLSI 
M07-A9  guidelines65. Working solutions were prepared in double distilled water containing max. 1% DMSO. A 
concentration range between 256–0.25 µg/mL was tested for each peptide. The bacterial inoculum was 1 ×  106 
cells/mL and incubated 1:1 with each test compound in a polypropylene 96-well round-bottom plate (655209, 
Greiner Bio-One, Kresmmuenster, Austria). Each MIC test was performed in three biological replicates, consist-
ing of four technical replicates. Positive controls (without antibiotics) and negative controls (without bacteria) 
were included for each technical replicate. The reference antibiotic erythromycin was included to assure quality 
control. The plates were incubated for 24 h at 37 °C. The MIC value was defined as the lowest concentration of 
compound resulting in no visible bacterial growth.

Synthesis of SMA‑QA. Following the procedure of Ravula et  al.33 (2-aminoethyl)trimethylammonium 
chloride hydrochloride (9.38  mmol, 1.3  g) was added to a solution of styrene maleic acid anhydride (SMA, 
1 g) in anhydrous DMF (5 mL), followed by trimethylamine (56.7 mmol, 5 mL) upon which the mixture took 
a dark yellow colour. The reaction mixture was stirred at 70 °C for 2 h, then cooled to room temperature, and 
precipitated with diethyl ether. The precipitate was washed 3 times with diethyl ether and dried in vacuo. The 
dried intermediate was dissolved in acetic anhydride (317 mmol, 30 mL), to which sodium acetate (8.05 mmol, 
660 mg) and triethyl amine (1.98 mmol, 200 mg) were added. The reaction mixture was stirred at 80 °C for 12 h, 
cooled down, and precipitated in ether. The precipitate was washed 3 times in ether and dried in vacuo. The 
product was then dissolved in water and passed through a Sephadex LH-20 column. The product was collected 
and then lyophilized to give a crystalline brown powder and confirmed by IR stretching frequency shift from 
1774 to 1693  cm−1 (Fig. S8).

Vesicle preparation. DMPC and DMPC:5% DMPG vesicles were prepared by solubilising a known weight 
of lipid in chloroform with a small amount of methanol to assist in the dissolution of the PG lipid head groups. 
The chloroform stock was dried in vacuo to produce a lipid film, which was further dried for additional 3 h. The 
lipid film was solubilised in 10 mM TRIS buffer (pH 7.4) containing 100 mM NaCl to yield a 20 mM milky lipid 
stock.

To produce the working vesicle stock, 1 mL of vesicle stock was extruded 20 times through a 0.1 µm filter 
using an Avanti Lipids mini-extruder. Vesicle size was confirmed using a Malvern Zetasizer Nano ZS (Malvern 
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Panalytical Ltd, Malvern, United Kingdom). 200 µL vesicle sample measured in 40 µL microcuvettes revealed 
vesicle diameters to be 144 ± 44 nm (DMPC) and 140 ± 48 nm (DMPC/PG).

Nanodiscs preparation. The DMPC, and DMPC with 5% DMPG 21  mM vesicle stocks were used for 
the nanodisc preparation. The stocks were combined with an 8% SMA stock solution to yield a final SMA con-
centration of 1% for SMA nanodiscs. The stocks were combined with a 100 mg/mL SMA-QA stock to yield 
a final lipid:SMA-QA w/w ratio of 1:1.5. The combined SMA/SMA-QA and lipid mixture were incubated at 
room temperature overnight and purified by SEC. Fractions containing SMA/SMA-QA discs were concentrated 
using centrifugation filters. Total lipid concentration was determined by 31P NMR (Figs.  S4–S7). Nanodisc 
size was confirmed using a Malvern Zetasizer Nano ZS (Malvern Panalytical Ltd, Malvern, United Kingdom). 
200  µL nanodisc sample measured in 40  µL microcuvettes revealed nanodisc diameters to be 10.1 ± 3.0  nm 
(SMA DMPC), 9.2 ± 2.9 nm (SMA DMPC/PG), 12.8 ± 4.1 nm (SMA-QA DMPC), and 22.5 ± 11.8 nm (SMA-QA 
DMPC/PG) (Figs. S9–S11).

SPR experimental procedure. The SPR measurements were performed using a T200 Biacore instrument 
(GE Healthcare, Oslo, Norway) at room temperature. An L1 chip was covered with extruded DMPC liposomes 
(1 mM in 10 mM HEPES buffer pH 7.4 with 100 mM NaCl) using a flowrate of 2 µL/min for 2400 s. Chip cover-
age was tested by injection of 0.1 mg/mL of bovine serum albumin for 1 min at 30 µL/min, with a change of < 400 
RU indicating sufficient coverage.

An increasing concentration of tested peptides (peptides 1, 2, 3 and 4-from 4 to 128 µM; peptide 5—from 24 
to 768 µM) was injected over immobilized vesicles with a flowrate of 15 µL/min for 200 s with a 400 s dissocia-
tion phase. The liposome surface was stabilized after each injection by three subsequent injections of 10 mM 
NaOH at 30 µL/min for 30 s each. Between experiments, the chip surface was cleaned by 20 mM CHAPS, 40 mM 
octyl-β-d-glucopyranoside and 30% ethanol in turn, with each solution injected for 1 min at 30 µL/min. The 
control flow cell was treated identically, with the exception that only the HEPES buffer solution was injected. 
The results were processed using in-house MATLAB scripts (MATLAB R2020a; scripts are available at https:// 
github. com/ MarJa kubec).

SPR data processing. KD was obtained from a steady state analysis using the intensities at the 190 s dis-
sociation time, using Eq. (1):21

where Req is the response at the steady state equilibrium, c is the peptide concentration, Rmax is the maximum 
response and Roff the response offset.

KP was obtained from same steady state affinity values using the method presented by Figuera et al., Eq. (2):21

where RUS and RUL are the relative responses of solute (peptides) and lipids respectively, γL is the molar volume 
of the lipids, MS and ML are the molecular mass of solute and lipid, respectively, and [S]W is the concentration of 
solute in water. KP and σ are obtained from fitting (with σ being lipid to solute ratio).

For koff evaluation we have used the formalism of Figuera et al.21 for linearization of the dissociation process, 
where we have identified the contribution from two different populations in the dissociation response. Koff values 
were then obtained by Eq. (3) and averaged by Eq. (4):

where SL is the linearized ratio of solute and lipid, α and β are individual populations, and SL,r is the retained 
solute fraction.

MST experimental procedure. All MST measurements were conducted on a NanoTemper Monolith NT. 
Labelfree instrument, using Monolith NT. Labelfree standard treated zero background capillaries.

A dilution series of vesicles/nanodiscs was prepared from 3 mM to 100 nM lipid concentrations, compris-
ing 15 discrete samples, and an additional zero lipid sample, for a total of 16 lipid concentrations. Final MST 
samples were prepared as a combination of 25 µL lipid solution and 25 µL 5 µM peptide solution (Table S1 in 
the Supporting Information).

MST measurements were conducted with excitation power set to 15%, with the MST power set to high. Laser 
time settings were: 3 s pre-laser, 30 s on time, and 3 s after heating. FHot was taken from the T-jump period after 
1.5 s and FCold taken in the second prior to IR laser activation. For the evaluation of KP, the initial fluorescence 
was taken as the value reported during the period before the application of the laser. The MST response and 
initial fluorescence were extracted directly as a text file for further processing in MATLAB.

(1)Req =
cRmax

KD + c
+ Roff

(2)RUS

RUL
=

γLKP
MS
ML

[S]W

1+ σγLKP[S]W

(3)SL(t) = αe
−koff ,αt + βe

−koff ,βt + SL,r

(4)koff =
αkoff ,α + βkoff ,β

α + β
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MST data processing. The dissociation constant KD describes the equilibrium between the concentration 
of bound and unbound  ligand40.

In a typical binding experiment that yields a sigmoidal curve, the Hill equation can be fitted to yield KD:66

where y is the MST response, y0 is the MST response of the AMP in an aqueous solution (i.e., in the absence of 
lipids), n is the Hill coefficient, and EMax is the maximal effect of the tested  substrate66. The removal of outlying 
MST response points was necessary. Erroneous points were identified by poor MST trace shapes or higher than 
expected initial fluorescence that was absent in the other replicates or subsequent points, but otherwise no further 
treatment of data was necessary. In all instances the MST response was plotted against log lipid concentration 
in nM and fit to Eq. (6).

The partition coefficient Kp defines the preference of a solute for an aqueous or lipidic environment, with a 
larger Kp indicating a greater preference for the lipidic environment.

The Kp of a molecule can be determined experimentally by observing changes in fluorescent intensity in the 
presence of an increasing concentration of lipid, and fitting to Eq. (8)43.

In Eq. (8) the fluorescence intensity of the AMP (I) is normalised to the fluorescence intensity of the AMP 
in an aqueous environment (Iaq), Vm is the molar volume of the lipids and IL is the fluorescence intensity of the 
AMP in the lipidic environment. For Vm, the average molar volume of the lipid composition is used. In the case 
of the DMPC only environments it is taken as the Vm of DMPC (1.023  nm3), and in the DMPC-DMPG mixture 
it is the weighted average relative to the composition used (Vm DMPG = 0.997  nm3)54.

Data availability
The datasets generated and analysed during the current study are available in the UiT Open Research Data 
repository https:// doi. org/ 10. 18710/ XZB5KI.
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Cyclic Peptide Purification and characterisation: 

1; Cyclo(WWWRRR). Linear precursor: H2N-Arg(Pbf)-Arg(Pbf)-Arg(Pbf)-Trp(Boc)-Trp(Boc)-

Trp(Boc)-OH. Cyclic: cyclo(Trp-Trp-Trp-Arg-Arg-Arg). Purification gradient: 15-75% buffer B 

over 60 min, tR = 18 min (33% buffer B). Yield: 46.7 mg (30.0% relative to linear precursor) as 

a white solid. ESI-FTMS [M + H]+ calculated: 1027.5419, found: 1027.5473, [M + 2H]2+ 

calculated: 514.2785, found: 514.2770, [M + 3H]3+ calculated: 343.1882, found: 343.1872.  

2; Cyclo(WRWRWR). Linear precursor: H2N-Arg(Pbf)-Trp(Boc)-Arg(Pbf)-Trp(Boc)-Arg(Pbf)-

Trp(Boc)-OH. Cyclic: cyclo(Trp-Arg-Trp-Arg-Trp-Arg). Purification gradient: 5-65% buffer B 

over 60 min, tR = 25 min (30% buffer B). Yield: 26.9 mg (22.6% relative to linear precursor) as 

a white solid. ESI-FTMS [M + 2H]2+ calculated: 514.2785, found: 514.2779, [M + 3H]3+ 

calculated: 343.1882, found: 343.1883.  

3; Cyclo(WWWKKK). Linear precursor: H2N-Lys(Boc)-Lys(Boc)-Lys(Boc)-Trp(Boc)-Trp(Boc)-

Trp(Boc)-OH. Cyclic: cyclo(Trp-Trp-Trp-Lys-Lys-Lys). Purification gradient: 10-70% buffer B 

over 60 min, tR = 22 min (32% buffer B). Yield: 49.5 mg (39.0% relative to linear precursor) as 

a white solid. ESI-FTMS [M + H]+ calculated: 943.5307, found: 943.5354, [M + Na]+ calculated: 

965.5126, found: 965.5159, [M + 2H]2+ calculated: 472.2693, found: 472.2702.  

4; Cyclo(WKWKWK). Linear precursor: H2N-Trp(Boc)-Lys(Boc)-Trp(Boc)-Lys(Boc)-Trp(Boc)-

Lys(Boc)-OH. Cyclic: cyclo(Trp-Lys-Trp-Lys-Trp-Lys). Purification gradient: 5-65% buffer B over 

60 min, tR = 21 min (26% buffer B). Yield: 40.7 mg (41.8% relative to linear precursor) as a 

white solid. ESI-FTMS [M + H]+ calculated: 943.5307, found: 943.5308, calculated: 472.2693, 

found: 472.2689. 

5; Cyclo(LWwNKr). Linear precursor: H2N-Trp(Boc)-D-Trp(Boc)-Asn(Trt)-Lys(Boc)-D-Arg(Pbf)-

Leu-OH. Cyclic: cyclo(Leu-Trp-D-Trp-Asn-Lys-D-Arg). Purification gradient: 10-70% buffer B 

over 60 min, 6 mL/min, tR = 23 min (33% buffer B). Yield: 35.1 mg (44.9% relative to linear 



precursor) as a white solid. ESI-FTMS [M + H]+ calculated: 884.4895, found: 884.4895, [M + 

2H]2+ calculated: 442.7487, found: 442.7483. 

Table S1: Table of lipid and peptide concentrations for MST 

MST 
Sample 

Final lipid 
concentration 

(nM) 

Final AMP 
concentratio

n (nM) 
1 1500000 2500 

2 1250000 2500 

3 500000 2500 

4 250000 2500 

5 125000 2500 

6 50000 2500 

7 25000 2500 

8 12500 2500 

9 5000 2500 

10 2500 2500 

11 1250 2500 

12 500 2500 

13 250 2500 

14 125 2500 

15 50 2500 

16 0 2500 

 

  



 

 

 

Figure S1: MST traces of increasing DMPC/PG vesicle concentration with 1 (red) and with no peptide 

(green), demonstrating the typical differences of the MST traces when peptide is present. Notably a 

more irregular trace can only be observed in the absence of the fluorophore carrying peptides, with a 

smaller thermophoretic change. 
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Figure S2: Fluorescent intensities of samples in the presence of 1 (blue) and without any peptide i.e. 

lipid only (gray). Both SMA and vesicle samples show markedly higher intensities when an AMP is 

present in the samples with a (generally) parabolic line shape. In SMA-QA the lipid only sample has a 

higher fluorescent intensity compared to SMA and vesicles, however the parabolic line shape is 

clearly differentiated when an AMP is present. 



 

Figure S3: Initial fluorescence and KP fits of 1-5 in different lipid compositions of nanodiscs. A: SMA 

100% DMPC. B: SMA 95% DMPC with 5% DMPG. C: SMA-QA 100% DMPC. D: SMA-QA 95% DMPC 

with 5% DMPG. Lines and filled circles indicate the fit and the points used, unfilled circles are points 

not included. Error bars represent the range in the triplicates.   



 

Figure S4: 31P NMR spectrum of freeze dried SMA DMPC nanodiscs dissolved in CDCl3 with TMP 

internal standard. From the integrals and volumes, we calculate the DMPC concentration to be 2.39 

mM. 

 

Figure S5: 31P NMR spectrum of freeze dried SMA DMPC 5% DMPG nanodiscs dissolved in CDCl3 with 

TMP internal standard. From the integrals and volumes, we calculate the DMPC concentration to be 

9.57 mM and the DMPG concentration to be 0.26 mM (2.72% DMPG). 



 

Figure S6: 31P NMR spectrum of freeze dried SMA-QA DMPC nanodiscs dissolved in CDCl3 with TMP 

internal standard. From the integrals and volumes, we calculate the DMPC concentration to be 10.26 

mM. 

 

Figure S7: 31P NMR spectrum of freeze dried SMA-QA DMPC 5% DMPG nanodiscs dissolved in CDCl3 

with TMP internal standard. From the integrals and volumes, we calculate the DMPC concentration to 

be 5.13 mM and the DMPG concentration to be 0.23 mM (4.5% DMPG). 

 



 

 

 

Figure S8: TOP: FT-IR spectrum of SMA anhydride, the starting material for the synthesis of SMA-QA. 

MIDDLE: FT-IR spectrum of SMA-QA, synthesized from SMA anhydride. BOTTOM:  FT-IR spectrum of 

SMA-QA, bought from BioNordika AS, and produced by anatrace. 

 



 

Figure S9: DLS Size distribution by volume of SMA DMPC/PG nanodiscs. 

 

Figure S10: DLS Size distribution by volume of SMA-QA DMPC nanodiscs. 

 

Figure S11: DLS Size distribution by volume of SMA-QA DMPC/PG nanodiscs. 
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A small library of nine cyclic tetrapeptides having cationic (Lys or Arg) 
and lipophilic residues were synthesised and their antimicrobial activity 
and haemolytic toxicity were investigated. All cyclic tetrapeptides 
contained a fluorinated lipophilic β2,2-amino acid. Membrane-peptide 
interactions were studied by Surface Plasmon Resonance (SPR), whereas 
Nuclear Magnetic Resonance spectroscopy (NMR) was used for 
conformational studies. 

By changing the order of the last two residues in the starting sequence 
c(Lys-β2,2-Leu-Lys), effects of amphipathicity on antimicrobial activity 
and haemolytic toxicity were investigated. Introducing a cationic D-Lys/D-
Arg residue allowed for the study of stereochemical aspects related to 
positioning of the cationic side chains relative to the plane of the cyclic 
tetrapeptide scaffold. Effects of substitution of Leu with more bulky, 
lipophilic Phe were also studied. 

Surprisingly, many of the modifications had minimal effect on 
antimicrobial activity while having a substantial impact on haemolytic 
toxicity. The overall most potent cyclic tetrapeptide 006 c(Arg-β2,2-Arg-
Arg) had a minimum inhibitory concentration (MIC) of 1 – 4 ug/mL against 
both Gram-positive and Gram-negative bacteria, and low haemolytic 
toxicity (EC50 279 ug/mL). SPR studies supported the bioactivity studies 
and revealed important differences in the way the cyclic tetrapeptides 
interacted with membrane models. NMR did not indicate any significant 
changes in backbone conformation, suggesting that the observed 
differences in activity could be attributed to different side chain properties. 

In conclusion, changes in amphipathicity and in stereochemistry of a single 
cationic residue in small cyclic tetrapeptide scaffold encompassing a 
lipophilic β2,2-amino acid, can be used as a powerful tool for reducing 
haemolytic toxicity while maintaining antimicrobial activity of membrane 
active cyclic tetrapeptides. 

 



 

2 
 

 

1. Introduction 

Effective antimicrobial drugs are the very core of modern medicine, enabling successful prevention 
and treatment of infectious diseases. However, systemic misuse and overuse of antibiotics in human 
medicine, as well as in animal husbandry have led to widespread antibiotic-resistance, rendering many 
of these drugs ineffective. 

Antimicrobial peptides (AMPs), also called host defense peptides (HDPs), are compounds that widely 
exist in nature. They are an important part of the innate immune system of different organisms, and as 
such protect the host from a wide range of pathogens, including bacteria, viruses, and fungi. (1) Due to 
their broad-spectrum antimicrobial activity and unique mechanisms of action (predominantly membrane 
disruption), they are hailed as a potential alternative to conventional antibiotics. Moreover, AMPs have 
been regarded as a viable therapeutic option against infections caused by multidrug-resistant bacteria. 
(2, 3) It is believed that resistance towards AMPs is less likely to develop compared to conventional 
antibiotics, as it would be highly costly for the bacterium to alter the components of its membrane, which 
AMPs usually target. (4) Despite their potential as drug candidates, their application has been hindered 
by several obstacles, one of them being low selectivity for bacterial cells over mammalian cells.  

Head-to-tail cyclic tetrapeptides isolated from natural sources are attractive lead compounds due to 
their small size and a diverse biological activity. They are found to have, among others, anticancer- (e.g., 
inhibitors of histone deacetylase) and antibacterial properties. (5) One interesting example is a recently 
discovered AMP teixobactin, a macrocyclic natural product, which contains a cyclotetradepsipeptide 
structural motif. This antibiotic exhibits a potent activity against several Gram-positive pathogenic 
bacteria. (6) 

 

2. Peptide design and synthesis 

To study more closely factors influencing selectivity of small cyclic peptidomimetics, we synthesised a 
series of cyclic tetrapeptides, containing a halogenated α,α‐disubstituted β2,2‐amino acid with two 4‐
trifluoromethyl-benzyl substituents on the α‐carbon. (Figure 1) In a previous work done by our group, 
this particular β2,2‐amino acid was incorporated in a tetrapeptide scaffold c(Lys‐β2,2‐Xaa‐Lys), where 
Xaa stands for one of the four residues: Lys, Gly, Ala, or Phe. (7) The resulting cyclic peptides had 
relatively high potency and they were active against multidrug-resistant bacterial strains. Therefore, we 
decided to use the same achiral lipophilic residue β2,2 in a similar tetrapeptide scaffold c(Lys-β2,2-Leu-
Lys) which enabled us to study effects of amphipathicity and L- to D-amino acid substitution on peptide 
antimicrobial and haemolytic properties.  
 
Synthesis of the Fmoc-β2,2 amino acid building block   
 
    The α,α‐disubstituted β2,2-amino acid containing two 4-(trifluoromethyl)benzyl sidechains, termed 
β2,2, was synthesised  following the protocol described by Paulsen et al. (Figure 1) (8) In brief the initial 
dialkylation of methyl cyanoacetate with 1-(bromomethyl)-4-(trifluoromethyl)benzene using 1,8‐
diazabicyclo‐[5.4.0]undec‐7‐ene (DBU) as a base was followed by nitrile reduction with H2 (g)/Raney 
Nickel.  The resulting β2,2‐amino ester was hydrolysed with lithium hydroxide (LiOH) pre-dissolved in 
water. After pH adjustment to 8, the final step included the protection of the free amine by subsequent 
addition of N‐(9‐fluorenylmethoxy-carbonyloxy) succinimide (Fmoc‐OSu). The reactions were 
followed by thin layer chromatography (TLC) using Silica gel 60 F254 (Merck TLC plates) and visualised 
with either UV light (254 nm) or by immersion in potassium permanganate after light heating of the 
plates with a heating gun. 
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Figure 1. Synthesis of the β2,2‐amino acid building block by (a) CF3C6H4CH2Br, DBU, CH2Cl2, r.t.; (b) H2 (g)/Raney‐Nickel, 
EtOAc, 45 °C, 18 h; (c) i. LiOH, dioxane:water (4:1) reflux, 5 h, ii. aq. HCl to pH 8 then Fmoc‐OSu, r.t. 18 h. (8) 
 
Synthesis of cyclic tetrapeptides 
 
    A series of nine cyclic tetrapeptides was synthesised by Fmoc-solid phase peptide synthesis (Fmoc-
SPPS) using a preloaded 2-Cl-trityl resin and microwave assisted peptide coupling. (Figure 2) Fully 
side chain protected peptides were cleaved from the resin with hexafluoroisopropanol (HFIP). Head-to-
tail cyclisation was performed under pseudo-high dilution conditions as described by Malesevic et al. 
(9)  This involved using a mechanical pump with two syringes, enabling slow addition (0.01 mL/min) 
of a pre-dissolved peptide, a coupling reagent PyBOP (benzotriazolyloxy-tris[pyrrolidino]-
phosphonium hexafluorophosphate) and a base N,N-diisopropylethylamine (DIEA). Upon completion 
of the cyclisation reaction, the side chain protecting groups were cleaved using a trifluoroacetic acid 
(TFA) based cleavage cocktail, and the peptides were precipitated in diethyl ether before purification 
by reversed-phase high performance liquid chromatography (RP-HPLC). After lyophilisation the cyclic 
tetrapeptides were characterised by high-resolution mass spectrometry (HRMS) and nuclear magnetic 
resonance spectroscopy (NMR). Purity was determined to be >95% by reversed phase-ultra performance 
liquid chromatography (RP-UPLC). All peptides were tested for antimicrobial activity against the 
Gram-positive bacteria Bacillus subtilis, Corynebacterium glutamicum, Staphylococcus aureus, and 
Staphylococcus epidermidis, and the Gram-negative bacteria Escherichia coli and Pseudomonas 
aeruginosa. Haemolytic toxicity was determined against human red blood cells (RBCs) as a measure of 
toxicity.  
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001 

c(Lys-β2,2-Leu-Lys) 
002 

c(Arg-β2,2-Leu-Arg) 
003 

c(Leu-Lys-β2,2-Lys) 

   
004 

c(Leu-Arg-β2,2-Arg) 
011 

c(D-Lys-β2,2-Leu-Lys) 
021 

c(D-Arg-β2,2-Leu-Arg) 

  
 

031 
c(Phe-Lys-β2,2-Lys) 

041 
c(Phe-Arg-β2,2-Arg) 

006 
c(Arg-β2,2-Arg-Arg) 

  

 

5a* 
c(Lys-β2,2-Lys-Lys) 

5d* 
c(Lys-β2,2-Phe-Lys) 

 

Figure 2. Structures of the cyclic tetrapeptides screened for antimicrobial activity and haemolytic toxicity. The red line 
in the structures shows the site of head-to-tail cyclisation. In the peptide sequences key modifications are shown in bold. 
* Compounds synthesised by Paulsen et al. (7) 
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3. Results and discussion  

Antimicrobial activity and haemolytic toxicity 

The sequence of the first peptide synthesised in this study 001 c(Lys-β2,2-Leu-Lys) was based on the 
previously reported highly potent cyclic tetrapeptide 5d c(Lys-β2,2-Phe-Lys) (MIC 0.1 – 4 µg/mL). 
(Figure 2) (7) As we initially wanted to investigate how the reduction in the overall lipophilic bulkiness 
affects peptides and their haemolytic properties, we synthesised the first peptide in this series 001 by 
substituting a Phe-residue in the sequence of 5d with Leu. Although the cyclic tetrapeptide 001 was 
somewhat less potent than its parent peptide 5d, it had good antimicrobial activity against both Gram-
positive bacteria (MIC 2 – 4 µg/mL) and Gram-negative bacteria (MIC 4 – 8 µg/mL). (Table 1) In 
addition, 001 was less haemolytic (EC50 105 µg/mL) than the previously reported peptide 5d (EC50 88 
µg/mL). Since there was no major change in bioactivity following the substitution of a Phe-residue in 
5d with Leu, the cyclic tetrapeptide 001 became a suitable model peptide for our further investigations. 

To study the effect of different cationic groups, the Lys-residues in the sequence of 001 were replaced 
by Arg, resulting in 002 c(Arg-β2,2-Leu-Arg). The cyclic tetrapeptide 002 displayed similar 
antimicrobial activity to 001 against both Gram-positive (MIC 2 – 4 µg/mL) and Gram-negative (MIC 
4 – 8 µg/mL) bacteria, but surprisingly 002 was considerably more haemolytic (EC50 33 µg/mL). Thus, 
the cationic guanidine groups in 002 were clearly unfavourable with respect to RBC toxicity when 
compared to the primary amines of the Lys-residues in 001. 

In the next two cyclic tetrapeptides, 003 c(Leu-Lys-β2,2-Lys) and 004 c(Leu-Arg-β2,2-Arg), the 
amphipathicity was interrupted compared to the amphipathic peptides 001 and 002. (Figure 1) Both 
cyclic tetrapeptides 003 and 004 had a sequence of alternating cationic and lipophilic residues, in which 
003 contained two cationic Lys-residues, whereas 004 contained two cationic Arg-residues. Our results 
showed that antimicrobial activity against Gram-positive bacteria was slightly reduced for the Lys-
containing non-amphipathic peptide 003 (MIC 2 – 8 µg/mL) but maintained for the Arg-containing non-
amphipathic peptide 004 (MIC 2 – 4 µg/mL). A major reduction in antimicrobial activity was, however, 
observed for 003 against Gram-negative bacteria (MIC 32 – 64 µg/mL), and for 004 (MIC 8 – 32 
µg/mL). This reduction was especially prominent against P. aeruginosa. Interestingly, haemolytic 
toxicity was considerably reduced for both peptides, with 003 being non-haemolytic (EC50 >492 
µg/mL), whereas 004 exhibited low haemolytic toxicity (EC50 215 µg/mL). Thus, interruption of 
amphipathicity had in general little effect on antimicrobial activity against Gram-positive bacteria, while 
activity against Gram-negative bacteria, as well as haemolytic toxicity, were considerably reduced.  

To assess the cell selectivity of the peptides, a selectivity index was calculated as the ratio of the 
haemolytic toxicity (EC50) to the geometric mean (GMTot) of the MIC values against all bacterial strains 
(i.e., SI = EC50/GMTot). (Table 1) By interrupting amphipathicity, the selectivity for bacteria compared 
to mammalian RBCs increased, namely non-amphipathic cyclic tetrapeptides 003 and 004 displayed 
approx. SI: 50, whereas the SI for their amphipathic counterparts 001 (SI: 30) and 002 (SI: 9) were 
considerably lower.   

To investigate the effects of changes in stereochemistry, a D-Lys analogue of 001 and a D-Arg 
analogue of 002 were synthesised. As shown in Figure 2, incorporation of a single D-residue resulted 
in 011 c(D-Lys-β2,2-Leu-Lys) and 021 c(D-Arg-β2,2-Leu-Arg) having the side chains of their two 
cationic residues pointing below and above the plane of the cyclic tetrapeptide scaffold. Although no 
major change in antimicrobial activity was observed compared to their corresponding all-L analogues, 
the striking difference was again observed regarding their toxicity towards human RBCs. Namely, both 
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D-Lys analogue 011 (EC50 426 µg/mL, SI: 75) and D-Arg analogue 021 (EC50 181 µg/mL, SI: 64) were 
considerably less haemolytic than their all-L analogues, and thus had high SI values. 

To further study the effects of increasing overall bulkiness, we decided to use the two cyclic 
tetrapeptides 003 c(Leu-Lys-β2,2-Lys) and 004 c(Leu-Arg-β2,2-Arg) with interrupted amphipathicity as 
templates, since both peptides showed more favourable haemolytic properties than their amphipathic 
counterparts 001 and 002. This was achieved by Leu to Phe substitution in the sequences of 003 and 
004, resulting in 031 c(Phe-Lys-β2,2-Lys) and 041 c(Phe-Arg-β2,2-Arg), respectively. It can be noted 
that 031 was also a non-amphipathic analogue of the previously reported cyclic tetrapeptide 5d c(Lys-
β2,2-Phe-Lys). (Figure 2) (7) 

For both the Phe-containing cyclic tetrapeptides 031 and 041, this structural change resulted in a 
generally improved antimicrobial activity compared to their respective Leu-analogues, 003 and 004. 
The non-amphipathic cyclic tetrapeptide 031 displayed MIC 1 – 8 µg/mL against Gram-positive 
bacteria, while 041 had MIC values in the range of 0.3 – 2 µg/mL. (Table 1) For these Phe-analogues, 
compared to 003 and 004, improved antimicrobial activity was also obtained against Gram-negative 
bacteria, 031 (MIC 16 – 32 µg/mL) and 041 (MIC 4 – 16 µg/mL). Thus, for both peptides 031 and 041 
substitution of Leu with Phe was shown to be beneficial regarding their antimicrobial potency.  

As for haemolytic toxicity, the Lys containing cyclic tetrapeptide 031 remained non-haemolytic (EC50 
>509 µg/mL), which resulted in a very high SI: 90. However, for the Arg containing cyclic tetrapeptide 
041 this modification had an unfavourable effect on its haemolytic properties, as it was nearly 2-fold 
more haemolytic 041 (EC50 116 µg/mL) than 004 (EC50 215 µg/mL). Still, 041 had an acceptable high 
SI: 56 due to its high antimicrobial activity against Gram-positive bacteria and E. coli.  

When compared to its previously reported amphipathic analogue 5d, the cyclic tetrapeptide 031 was 
less potent, especially against Gram-negative bacteria. These two analogues differed more with respect 
to haemolytic toxicity, namely the non-amphipathic cyclic tetrapeptide 031 was non-haemolytic (EC50 
>509 µg/mL), whereas 5d was reported to be highly haemolytic (EC50 88 µg/mL). (7) Thus, interruption 
of amphipathicity may be a promising strategy for reducing haemolytic toxicity of such short cyclic 
peptides.  

The overall most potent analogue prepared in this study was the cyclic tetrapeptide 006 c(Arg-β2,2-
Arg-Arg). It exhibited very high antimicrobial activity against both Gram-positive (MIC 1 – 2 µg/mL) 
and Gram-negative bacteria (MIC 2 – 4 µg/mL). In addition, this analogue, which had three Arg-residues 
and a net charge of +3, was shown to have very low haemolytic toxicity (EC50 279 µg/mL) and was 
thereby the most selective cyclic tetrapeptide prepared with SI: 176. Compared to the previously 
synthesised analogue 5a c(Lys-β2,2-Lys-Lys), with three Lys-residues, 006 was equally potent against 
Gram-positive bacteria while being more potent against Gram-negative bacteria. (7)  Despite having the 
same net charge (+3) and lipophilic β2,2-residue, there was a difference in RBC toxicity, with 006 being 
more haemolytic (EC50 279 µg/mL) than 5a (EC50 >500 µg/mL). These results confirmed the general 
pattern in which Lys-containing cyclic tetrapeptides were less haemolytic than their Arg-containing 
analogues.   

In summary, the results of this study indicate that changes in stereochemistry of one cationic residue, 
as well as amphipathicity, in the above-described tetrapeptide scaffold, could serve as useful strategies 
in reducing haemolytic toxicity of resultant peptides. In addition, substitution of Leu with bulkier Phe-
residue could improve antimicrobial activity, although its effect on haemolytic toxicity may vary. 
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Retention time as with antimicrobial activity and haemolytic toxicity 

Next, we wanted to ascertain if there was a correlation between retention time (Rt) values with both 
antimicrobial activity (GMTot) and haemolytic toxicity of the synthesised cyclic tetrapeptides. (Figure 
3) As shown in Figure 3, the Arg cyclic tetrapeptides (orange line in Figure 3), which eluted later, were 
more potent and haemolytic than the cyclic Lys tetrapeptides (blue line in Figure 3).  

Both Lys-containing peptide 001 and its Arg-analogue 002 had MIC values in the same range. 
However, the latter, 002 had a longer Rt and was thereby seemingly more lipophilic than 001, what 
might explain the observed higher haemolytic toxicity of 002.  

The two non-amphipathic Lys analogues, Leu-containing 003 and Phe-containing 031 displayed close 
to identical retention times, but as mentioned previously, the analogue with a bulkier Phe-residue, 031 
was in general more potent against tested bacterial strains. As both peptides were non-haemolytic, a 
correlation with their corresponding Rt values could not be determined.  

Similarly, the non-amphipathic Arg-analogues, Leu-containing 004 and Phe-containing 041 had 
similar Rt, however, the latter 041 had slightly higher antimicrobial potency with increased haemolytic 
toxicity. Our data suggest that even minute difference in Rt values, and therefore in relative 
hydrophobicity (as observed for 003/031 and 004/041), could serve as an indicator of significant changes 
in peptide antimicrobial and haemolytic properties. 

The substitution of L-Lys in 001 with D-Lys, resulted in a diastereomer 011 with slightly lower 
potency and reduced haemolytic toxicity. Much greater reduction in haemolytic toxicity was observed 
for Arg-containing diastereomer 021, which had very similar potency to its L-Arg analogue 002. Both 
D-Lys and D-Arg containing tetrapeptides had slightly shorter retention times, which could be correlated 
with lower haemolytic toxicity and greater selectivity. Of note, 002 had the longest Rt of all synthesised 
tetrapeptides.  

The most potent, hydrophilic tetrapeptide containing three Arg-residues, 006 had the shortest 
retention time of all synthesised analogues, indicating its more hydrophilic character. It had low 
haemolytic toxicity (EC50 279 µg/mL) and the highest selectivity of all synthesised peptides (SI: 176). 
Compared to its Lys-analogue 5a, it was more haemolytic, but with improved activity against Gram-
negative bacteria.  
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A) 

 

B) 

 

Figure 3. Comparison of retention time (Rt) with A) geometric mean (GMTot) of antimicrobial activity 
and B) haemolytic toxicity (EC50) for Lys (blue) and Arg (orange) cyclic tetrapeptides.  

 

Conformational analysis by NMR 
 

In general, cyclic tetrapeptides with 12-membered backbone have a high ring strain, which makes 
them notoriously hard to synthesise. (11) However, introduction of a thirteenth atom into the ring 
structure by using a β2,2-amino acid residue, alleviates some of the strain, making the synthesis of such 
small cycles easier, and the ring structure accordingly more flexible. It is also important to note that 
different cyclic tetrapeptides will also have very similar backbone conformations. In the present work 
five peptides 001 c(Lys-β2,2-Leu-Lys), 002 c(Arg-β2,2-Leu-Arg), 003 c(Leu-Lys-β2,2-Lys), 011 c(D-
Lys-β2,2-Leu-Lys), and 021 c(D-Arg-β2,2-Leu-Arg) were selected for conformational analysis by NMR 
to investigate the extent to which the observed effects of changes in sequence and stereochemistry were 
accompanied by induced changes in the backbone conformation. For simplicity of comparison in the 
conformational analysis, the amino acids in the cyclic tetrapeptides were numbered according to Figure 
4, with the β2,2-amino acid always being the fourth amino acid residue.  
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Figure 4. Amino acid sequence numbering for backbone analysis by NMR. 

 

Secondary chemical shifts are a well-documented method for predicting secondary structure of 
peptides and proteins. (12-15) By comparing the experimental chemical shifts of the backbone to 
random coil chemical shifts from the literature, it is possible to estimate the α-helix-, β-sheet-, or random 
coil character of each residue. (14-16) Positive values indicate an α-helical character, negative numbers 
indicate β-sheet character, while values close to zero indicate random coil.  

However, due to the tetrapeptides being cyclic and including a non-native amino acid residue, we had 
to make certain modifications to the procedure. The predicted random coil chemical shifts are estimated 
from random coil values of peptides with only native amino acids in linear peptides. (16) Therefore, we 
have treated the cyclic tetrapeptides as linear peptides for this analysis. Additionally, it is known that 
aromatic residues have a long-range effect on chemical shifts, especially on protons. (13) To mimic this 
effect from the β2,2-amino acid, we have flanked amino acids 1-3 with two phenylalanines on each side  
(Ac-F-F-X1-X2-X3-F-F-H2N). With these modifications, as well as the small sample size of the 
tetrapeptides, we note that the secondary structure cannot be accurately divided into α-, β-, or random 
coil character by this method. We can, however, use it to accurately compare the cyclic tetrapeptides, to 
investigate if there are any clear deviations in the backbone conformation. 

Using the secondary chemical shift values as a probe for structural change, our results showed that 
changes in the sequence and/or stereochemistry of the cyclic tetrapeptides did not induce any consistent 
and significant changes to the backbone conformation. (Figure 5) No major backbone conformational 
shift was identified by secondary chemical shifts as a response to the different sequence and/or 
stereochemistry of the studied peptides – a result which is consistent with the expected rigidity of the 
tetrapeptide ring. 
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Figure 5. Comparison of the secondary chemical shift of the five peptides 001 c(Lys-β2,2-Leu-Lys), 002 c(Arg-
β2,2-Leu-Arg), 003 c(Leu-Lys-β2,2-Lys), 011 c(D-Lys-β2,2-Leu-Lys), and 021 c(D-Arg-β2,2-Leu-Arg)   by residue. 
The chemical shift analysis was performed by using random coil values by Kjaergaard et al. (16) with 
corresponding correction values. Dashed lines indicate cut-off values for the identification of secondary structure 
elements, as defined by Wishart et al. (17) The figure was based on the analysis of Farina et al. (12) The Arg 
containing peptides 002 and 021 are listed in hues of blue, while the Lys containing peptides 001, 003, and 011 
are in hues of orange. A positive Δδ indicates α-helix, a negative value indicates β-sheet, while values close to 
zero indicate random coil. 

 

Cross-relaxation rates and coupling constants were used as direct secondary probes for 
conformational change in order not to fully rely on chemical shifts models based on native proteins. The 
NOE build-ups were extracted from NOESY experiments for the Arg containing cyclic tetrapeptides 
(002 and 021). However, for the Lys containing cyclic tetrapeptides (001, 003, and 011), ROESY had 
to be used due to intermediate tumbling rates of these peptides. The spectra were analysed in TopSpin 
Dynamics Center. Experiments with increasing mixing times were recorded, and integrals from the 
linear phase were used (typically 200 ms for NOESY, and 100 ms for ROESY). All integrals were 
referenced to the ortho aromatic protons of the β2,2-amino acid residue, defined as a reference distance 
of 2.46 Å, and cross-checked against the ortho aromatic protons of the other benzene ring, as well as the 
stereotopic geminal α-protons of the same amino acid (defined as 1.75 Å). (18) As seen in Figure 6, the 
calculated NOE distances showed that the backbone conformation did not change significantly between 
the different peptides, neither as a response to the order of amino acids nor by the introduction of a D-
amino acid residue into the sequence. 
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Figure 6. 1H-1H distances of the backbone found by Nuclear Overhauser Effect (NOE) analysis. The Arg 
containing peptides 002 and 021 are listed in hues of blue, while the Lys containing peptides 001, 003, and 011 
are in hues of orange. 

 
    The 1H-1H J-coupling constants were analysed, both through 1D 1H NMR coupling patterns and 
E.COSY. Water suppression and overlap made some couplings difficult to assess in 1D 1H NMR, while 
the splitting pattern in E.COSY were unresolved for some of the signals. The coupling constants that 
could be extracted were mostly consistent between the five peptides, and in agreement with the 
secondary chemical shifts and cross-relaxation rates, showing no significant changes in backbone 
conformation between the peptides. (Table 2) 
 
Table 2. 1H-1H J-coupling constants, as measured by 1D 1H NMR. The residues follow the same numbering system 
as with the rest of the conformation assignment. The linewidth of 002 was too broad to get any measurements, 
most likely due to aggregation.  

 
 

In conclusion, secondary chemical shifts, NOE distances, and J-coupling constants did not indicate 
any major changes in backbone conformation between the peptides. Thus, we can be confident that the 
side chains of the amino acids point in the expected directions when comparing peptide for peptide, as 
discussed in the SAR section above. 
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Interaction studies with SPR 

Next, we tested the ability of the cyclic tetrapeptides to interact with lipid vesicles by surface plasmon 
resonance (SPR). For this, we used dimyristoylphosphatidylcholine (DMPC) vesicles without and with 
10% (w/w) E. coli O111:B4 lipopolysaccharides (LPS). Pure DMPC vesicles represent a general 
zwitterionic bilayer of the human cell plasma membrane, while LPS-loaded vesicles mimic the outer 
membrane of Gram-negative bacteria. (19) By using a method developed by Figuera et al. and modified 
by Jakubec et al. we were able to measure the lipid partitioning (KP) and dissociation rate (koff) of 
individual cyclic tetrapeptides into the lipid bilayer. (20, 21) KP is calculated as the ratio of the peptide 
concentration in lipid environment over peptide concentration in water (KP = [peptidelipid] / [peptideH2O]). 
Thus, higher KP indicates a preference of the cyclic tetrapeptides for the lipid environment, whereas koff  

represents the dissociation speed, where higher speed indicates a faster release from the lipid bilayer, 
that is, low retention. 

The most lipophilic peptide and with highest preference for the DMPC lipid environment was the D-
Arg cyclic tetrapeptide 021 c(D-Arg-β2,2-Leu-Arg), with more than four times higher KP than the L-Arg 
variant 002 c(Arg-β2,2-Leu-Arg). (Figure 7a [full bars]) This radical change in lipophilicity could not 
be explained by changes in the backbone structure, as shown by NMR. However, it is possible that a 
simple change in stereochemistry by L- to D-amino acid substitution allowed for a more favourable 
orientation of these cationic side chains. Similar improvement, albeit with smaller changes, was also 
observed for the Lys variants, 011 c(D-Lys-β2,2-Leu-Lys) and 001 c(Lys-β2,2-Leu-Lys), suggesting 
similar changes in charge distribution caused by cationic side chain orientation.  

 An interesting observation was the overall decrease in KP of most cyclic tetrapeptides in the presence 
of LPS. (Figure 7a [empty bars]) LPS contains the fatty acid component lipid A, which has a negatively 
charged phospholipid headgroup and long oligosaccharide chains. (22) One of the roles of LPS in 
bacteria is the sequestration of potentially harmful compounds before they can reach the inner 
cytoplasmic membrane. (23) Thus, lower KP for LPS-loaded vesicles can be viewed as a positive feature, 
indicating more efficient translocation of the cyclic tetrapeptides through the outer membrane. This 
could be recognised from the partitioning of the cyclic tetrapeptides 002 c(Arg-β2,2-Leu-Arg) and 003 
c(Leu-Lys-β2,2-Lys). Both cyclic tetrapeptides had very similar KP for DMPC vesicles. However, when 
LPS was present, the KP of 003 was only slightly changed, whereas the KP of 002 was reduced by more 
than a half. These observations suggested that the cyclic tetrapeptide 003 may be sequestered in the 
outer membrane and thus unable to reach its target, what in turn could explain the loss of activity against 
Gram-negative bacteria. In comparison, the more potent cyclic tetrapeptide 002 seemed able to cross 
the LPS bilayer unaffected. (Figure 7a [empty bars]) 

Contrary to KP, the dissociation rate koff was not affected by the presence of LPS as we measured bulk 
changes of dissociation. (Figure 7b) The fact that there was no change in koff for DMPC:LPS mixtures, 
indicated that dissociation from LPS was much faster than from DMPC. Thus, it is the lipid environment, 
not the LPS, which commands koff and it is responsible for major retention of the cyclic tetrapeptides in 
the vesicles. This retention of peptides in the bilayer can be a major source of disruption, directly 
reflected in the haemolytic toxicity of peptides. The cyclic tetrapeptide with the slowest dissociation 
rate, 002 was also the most haemolytic with EC50 33 µg/mL, while the cyclic tetrapeptides with high koff 
rate, i.e., low retention, 003, 011 and 031 had lowest haemolytic toxicity.  

In addition, SPR showed that peptides 002 and 041 had a significant deviation from the binding model 
for both types of vesicles. (Figure 8) This deviation suggested a cooperative mode of binding and 
possible interaction between monomers of the cyclic tetrapeptides themselves, such as formation of 
micelles or aggregation. (24) Similar deviation, although on a much smaller scale, was observed for 
peptides 001, 004 and 021. However, these changes were too small to be conclusive. Nevertheless, all 
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five cyclic tetrapeptides in these deviation models had very good antimicrobial activity, but some were 
also haemolytic. This, again points to a bigger bilayer disruption when this cooperation is present.  

According to SPR results, the ideal antimicrobial cyclic tetrapeptide should have a good combination 
of high partitioning into the lipid bilayer with high enough koff rate, which is still damaging to bacteria, 
but that does not negatively affect human RBCs.   

  
(a) (b) 

Figure 7. Results from SPR analysis of the cyclic tetrapeptides. Partitioning constant KP (a) and dissociation rate 
koff (b) of the cyclic tetrapeptides towards DMPC vesicles without and with 10% (w/w) LPS marked by full and 
empty bars, respectively.  



 

15 
 

 

 
 
Figure 8. Example of cooperative (002) and noncooperative (004) binding towards DMPC vesicles. SPR traces 
of cyclic tetrapeptides are shown on the left (concentration from 4 to 128 µM) and KP fitting on the right side.   
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4. Methods and materials  

Chemicals 
All reagents and solvents were purchased from commercial sources and used as supplied. 

General protocol for linear peptide synthesis 

The stepwise assembly of the linear peptides was performed using microwave assisted Fmoc solid 
phase peptide synthesis method at 0.22 mmol scale on preloaded 2-chlorotritylchloride resin (0.75 
mmol/g for the resin with preloaded Lys, 0.54 mmol/g for the resin with preloaded Arg). The Fmoc 
group was removed with 20% piperidine in DMF. Peptide couplings were performed using the 
appropriate amino acid (3 equiv.), HCTU (3 equiv.) and DIPEA (6 equiv.). Prior to synthesis, all amino 
acids were dissolved in DMF (0.5M), whereas DIPEA was dissolved in NMP (2M). Microwave heating 
(75°C, 15 min) was applied during coupling of all amino acids, except for arginine, where coupling was 
done at room temperature for 60 min to avoid side reactions.  

Cyclisation method 

Upon completion of the synthesis, cleavage of the linear protected tetrapeptides from the 2-
Chlorotrityl chloride resin was performed with the mixture of hexafluoropropanol-dichloromethane 
(HFIP:DCM, 3:7, v/v, 15 mL) for 45 min under slow stirring conditions, followed by two more cleavage 
rounds, each lasting 10 min. The collected peptide solution was evaporated under reduced pressure. 
Head-to-tail cyclisation was performed using modified procedure previously described by Malesevic et 
al. (9) To maintain microdilution conditions during cyclisation two 10 mL syringes were used. First 
syringe contained linear protected tetrapeptide (100 µmol) pre-dissolved in N,N-dimethylformamide 
(DMF, 10 mL). The second syringe was filled with a solution containing PyBOP (300 µmol), pre-
dissolved in DMF (10 mL). Both syringes were fixed to the dual-syringe programmable pump and the 
flow rate was set to 0.01 mL/min. This enabled simultaneous, dropwise addition of both solutions into 
the flask which initially contained N,N-diisopropylethylamine (DIEA) (600 µmol), PyBOP (10 µmol) 
and DMF (10 mL). The reaction proceeded under constant stirring. Dimerisation was not observed using 
HRMS, although such observation was made in previous cyclisation attempts with much greater 
volumes of DMF. (7) After the cyclisation step, the reaction mixture was diluted with water (approx. 20 
mL) prior to extraction with ethylacetate (2 x 10 mL). The organic phase was washed with 5% LiCl 
solution (3 x 20 mL) and brine (1 x 10 mL), before drying over Na2SO4. The organic phase was filtered 
and concentrated under vacuum. Upon addition of the cleavage cocktail containing TFA:TIS:H2O 
(95:2.5:2.5, 5 mL) to the cyclic protected peptide, reaction mixture was left to stir for 3 hours prior to 
evaporation under reduced pressure. The crude peptide was washed with diethyl ether (3 x 20 mL) and 
again dried under vacuum prior to purification by RP-HPLC.  

Peptide Purification by Preparative Reversed-Phase High-Performance Liquid Chromatography 
(RP-HPLC) 

Purification of crude peptides was performed by RP-HPLC using a preparative SunFire C18 OBD, 5 
µm, 19 × 250 mm column (Waters, Milford, MA, USA) at room temperature. The HPLC system 
(Waters) was equipped with a 2998 photodiode array (PDA) detector, a 2702 autosampler and an 
automated fraction collector. The peptides were purified using a linear gradient of eluent A (water with 
0.1% TFA) and eluent B (acetonitrile with 0.1% TFA), ranging from 20–60% B, over 25 min. The flow 
rate was set at 10 mL/min. Purified fractions were collected and freeze-dried prior to further 
characterisation. 
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Purity Determination by Ultra-Performance Liquid Chromatography (UPLC) 

The purity of the synthesised peptides was determined by an analytical UPLC-PDA H-class system 
(Waters, Milford, MA, USA). The analysis was performed on an Acquity UPLC BEH 1.7 µm, 2.1 ×100 
mm C18 column, with a linear gradient of eluent A (water with 0.1% TFA) and eluent B (acetonitrile 
with 0.1% TFA), from 0.5–95.0% B over 10 min. The flow rate and the temperature of the column were 
set at 0.5 mL/min and 60 °C, respectively. A 2996 PDA detector was used to record the UV absorbance 
of the purified peptides at the wavelength range of 210–400 nm. 

Peptide Characterisation by High-Resolution Mass Spectrometry (HRMS)  

The characterisation of the purified peptides was performed by HRMS, using an Orbitrap Id-X Tribrid 
mass analyser equipped with an electrospray ionisation (ESI) source (Thermo Fischer Scientific, 
Waltham, MA, USA), with a Vanquish UHPLC system (Waters), coupled to an Acquity Premier BEH 
C18, 1.7 µm, 2.1 × 100 mm column (Waters). Mass spectral acquisition was performed in positive ion 
mode. All samples were dissolved in 1 mL of Milli-Q water prior to analysis. The UHPLC was operated 
in a linear gradient with mobile phases A (water with 0.1% formic acid) and B (acetonitrile with 0.1% 
formic acid) from 0.5% – 95.0% B over 10 min, with a flow rate of 0.5 mL/min. The injection volume 
was 2 µL, and the column temperature was set to 60 °C. 

Peptide Characterisation by Nuclear Magnetic Resonance spectroscopy (NMR)  

The purified peptides were characterised by NMR using a Bruker Avance III HD spectrometer 
equipped with an inverse TCI probe cryogenically enhanced for 1H, 13C and 2H operating at 600 MHz 
for proton. Experiments for assignment and verification were acquired in DMSO-d6, while experiments 
for conformation analysis were acquired in H2O:D2O 95:5 and D2O. All experiments were acquired at 
298 K, using standard pulse sequences from TopSpin 3.7.pl2, including 1H, 13C, HSQC, HMBC, 
H2BC, DQF-COSY, ROESY, NOESY, E.COSY and selective IPAP HSQMBC-TOCSY. Versions with 
presat or excitation sculpting, gradient selection and adiabatic pulses were used when applicable.  
 
(3S,6S,9S)-3,6-Bis(4-aminobutyl)-9-isobutyl-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,5,8,11-tetraone x TFA (001) 
1H NMR (600 MHz, DMSO‐d6) δ 8.39 (d, J = 8.3 Hz, 1H), 7.90 (d, J = 6.4 Hz, 1H), 7.69 (d, J = 8.2 Hz, 
2H), 7.58 (d, J = 8.1 Hz, 4H), 7.54 (d, J = 8.7 Hz, 1H), 7.27 (d, J = 8.0 Hz, 2H), 6.46 (dd, J = 8.4, 3.2 
Hz, 1H), 4.26 – 4.10 (m, 2H), 4.00 – 3.80 (m, 1H), 3.37 (dd, J = 13.4, 8.4 Hz, 1H), 3.15 (s, 1H), 3.09 
(d, J = 14.2 Hz, 1H), 2.95 (d, J = 13.6 Hz, 2H), 2.81 – 2.71 (m, 4H), 2.66 (d, J = 13.8 Hz, 1H), 1.98 (dtd, 
J = 18.0, 9.1, 7.9, 4.7 Hz, 1H), 1.68 (tdt, J = 19.4, 9.7, 5.1 Hz, 1H), 1.61 (q, J = 7.7 Hz, 1H), 1.58 – 1.47 
(m, 4H), 1.39 (ddd, J = 14.0, 8.8, 5.5 Hz, 1H), 1.35 – 1.18 (m, 3H), 0.91 (d, J = 6.6 Hz, 3H), 0.88 (d, J 
= 6.6 Hz, 3H). 
13C NMR (151 MHz, DMSO‐d6) δ 173.77, 172.37, 171.49, 170.48, 141.88, 141.58, 131.43, 130.92, 
127.25 (q, J = 31.4 Hz), 127.17 (d, J = 31.4 Hz), 124.87 (q, J = 3.5 Hz), 124.73 (q, J = 3.4 Hz), 124.41 
(q, J = 271.8 Hz), 124.36 (q, J = 271.8 Hz), 116.06, 54.55, 53.80, 52.73, 51.24, 42.84, 35.62, 30.46, 
28.94, 26.52, 26.44, 24.33, 22.87, 22.66, 22.32, 21.43. 
HRMS‐ESI: C37H51F6N6O4

+ [M + H] + calcd: 757,3871, found: 757,3872, UPLC purity 98%. 
 
1,1'-(((3S,6S,9S)-9-Isobutyl-2,5,8,11-tetraoxo-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-3,6-diyl)bis(propane-3,1-diyl))diguanidine x TFA (002) 
1H NMR (600 MHz, DMSO‐d6) δ  8.53 (d, J = 8.1 Hz, 1H), 7.99 (d, J = 6.3 Hz, 1H), 7.69 (d, J = 7.9 Hz, 
3H), 7.64 (t, J = 5.4 Hz, 1H), 7.61 (d, J = 8.1 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 7.33 (s, 2H), 7.26 (d, J 
= 8.0 Hz, 2H), 6.92 (s, 4H), 6.48 (dd, J = 8.8, 3.0 Hz, 1H), 4.20 (q, J = 8.2 Hz, 1H), 4.16 (dt, J = 10.4, 
5.9 Hz, 1H), 3.90 (ddd, J = 10.0, 7.9, 4.5 Hz, 1H), 3.40 (dd, J = 13.4, 8.6 Hz, 1H), 3.19 (d, J = 14.2 Hz, 
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1H), 3.16 – 3.04 (m, 5H), 2.99 (d, J = 13.7 Hz, 1H), 2.93 (dd, J = 13.3, 3.0 Hz, 1H), 2.62 (d, J = 13.7 
Hz, 1H), 2.06 – 1.94 (m, 0H), 1.70 (dtd, J = 19.2, 9.7, 4.8 Hz, 2H), 1.64 – 1.57 (m, 2H), 1.56 – 1.33 (m, 
2H), 0.91 (d, J = 6.6 Hz, 2H), 0.89 (d, J = 6.5 Hz, 2H). 
13C NMR (151 MHz, DMSO‐d6) δ 173.91, 172.61, 171.49, 170.24, 156.73, 141.92, 141.62, 131.52, 
130.92, 127.25 (q, J = 31.9 Hz), 127.16 (q, J = 31.4 Hz), 124.83 (q, J = 3.5 Hz), 124.71 (q, J = 3.4 Hz), 
124.44 (q, J = 271.7 Hz), 124.37 (q, J = 271.8 Hz), 54.62, 53.63, 52.89, 51.33, 40.32, 40.15, 40.06, 
38.79, 38.31, 28.17, 26.45, 25.57, 25.11, 24.35, 22.84, 21.43. 
HRMS‐ESI: C37H51F6N10O4

+ [M + H] + calcd: 813,3994, found: 813,3994, UPLC purity 100%. 
 
(3S,6S,9S)-3,9-Bis(4-aminobutyl)-6-isobutyl-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,5,8,11-tetraone x TFA (003) 
1H NMR (600 MHz, DMSO‐d6) δ 8.48 (d, J = 8.4 Hz, 1H), 8.13 (d, J = 5.9 Hz, 1H), 7.77 (t, J = 5.8 Hz, 
3H), 7.70 (d, J = 8.2 Hz, 5H), 7.59 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 
6.44 (dd, J = 8.5, 3.1 Hz, 1H), 4.32 (td, J = 8.7, 6.3 Hz, 1H), 4.08 (dt, J = 9.1, 6.2 Hz, 1H), 3.92 (ddd, J 
= 10.3, 8.4, 4.3 Hz, 1H), 3.32 (dd, J = 13.3, 8.5 Hz, 1H), 3.20 – 3.12 (m, 2H), 2.96 – 2.92 (m, 1H), 2.90 
(d, J = 14.1 Hz, 1H), 2.64 (d, J = 13.8 Hz, 1H), 1.96 (dtt, J = 13.6, 9.2, 3.7 Hz, 1H), 1.75 (dtd, J = 14.5, 
9.4, 5.5 Hz, 1H), 1.67 (ddq, J = 19.3, 9.3, 5.5 Hz, 2H), 1.41 – 1.33 (m, 0H), 1.33 – 1.21 (m, 3H), 0.90 
(d, J = 5.8 Hz, 2H), 0.87 (d, J = 5.8 Hz, 3H). 
13C NMR (151 MHz, DMSO‐d6) δ  173.96, 171.72, 171.65, 170.58, 141.84, 141.53, 131.51, 130.88, 
127.27 (q, J = 31.7 Hz), 127.12 (q, J = 31.7 Hz), 124.89 (q, J = 3.8 Hz), 124.77 (q, J = 3.9 Hz), 124.40 
(q, J = 272.2 Hz), 124.35 (q, J = 272.2 Hz), 56.44, 52.62, 52.56, 51.26, 42.71, 40.15, 40.06, 38.91, 38.71, 
38.62, 35.34, 29.04, 28.92, 26.56, 26.50, 24.62, 22.77, 22.64, 22.45, 22.09. 
HRMS‐ESI: C37H51F6N6O4

+ [M + H] + calcd: 757,3871, found: 757,3872, UPLC purity 97%. 
 
1,1'-(((2S,5S,8S)-5-Isobutyl-3,6,9,13-tetraoxo-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,8-diyl)bis(propane-3,1-diyl))diguanidine x TFA (004) 
1H NMR (600 MHz, DMSO‐d6) δ 8.62 (d, J = 8.1 Hz, 1H), 8.31 (d, J = 5.4 Hz, 1H), 7.77 (t, J = 5.5 Hz, 
1H), 7.71 (d, J = 8.1 Hz, 2H), 7.65 (d, J = 7.5 Hz, 2H), 7.63 (s, 1H), 7.57 (d, J = 8.1 Hz, 2H), 7.45 (d, J 
= 9.1 Hz, 1H), 7.23 (d, J = 8.0 Hz, 2H), 6.46 (dd, J = 8.9, 2.9 Hz, 1H), 4.34 (q, J = 8.5 Hz, 1H), 4.06 (td, 
J = 7.8, 5.3 Hz, 1H), 3.86 (ddd, J = 10.9, 8.1, 4.3 Hz, 1H), 3.24 (d, J = 13.9 Hz, 1H), 3.22 – 3.06 (m, 
4H), 3.00 (d, J = 13.7 Hz, 1H), 2.92 – 2.86 (m, 1H), 1.99 (tq, J = 10.5, 5.0 Hz, 1H), 1.84 – 1.68 (m, 3H), 
1.67 – 1.57 (m, 1H), 1.56 – 1.35 (m, 4H), 0.91 (d, J = 6.0 Hz, 2H), 0.88 (d, J = 5.9 Hz, 3H). 
13C NMR (151 MHz, DMSO‐d6) δ 174.27, 171.70, 171.65, 170.19, 156.85, 156.69, 141.84, 141.58, 
131.71, 130.86, 127.28 (q, J = 31.8 Hz), 127.13 (q, J = 31.9 Hz), 124.84 (q, J = 3.9 Hz), 124.72 (q, J = 
4.0 Hz), 124.46 (q, J = 271.8 Hz), 124.37 (q, J = 271.9 Hz), 56.50, 52.90, 52.21, 51.47, 41.71, 40.32, 
40.28, 39.17, 36.22, 26.56, 26.25, 25.64, 25.37, 24.57, 22.44, 22.14. 
HRMS‐ESI: C37H51F6N10O4

+ [M + H] + calcd: 813,3994, found: 813,3994, UPLC purity 98%. 
 
(3R,6S,9S)-3,6-Bis(4-aminobutyl)-9-isobutyl-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,5,8,11-tetraone x TFA (011) 
1H NMR (600 MHz, DMSO‐d6) δ  8.66 (d, J = 6.8 Hz, 1H), 7.95 (d, J = 6.3 Hz, 1H), 7.69 (d, J = 8.3 Hz, 
2H), 7.65 (d, J = 8.6 Hz, 2H), 7.64 (b, 6H), 7.57 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 9.1 Hz, 1H), 7.25 (d, J 
= 8.0 Hz, 2H), 6.55 (dd, J = 7.7, 4.0 Hz, 1H), 4.25 (q, J = 7.9 Hz, 1H), 4.07 (dt, J = 9.6, 6.2 Hz, 1H), 
4.01 (ddd, J = 9.5, 6.7, 5.1 Hz, 1H), 3.32 (dd, J = 13.6, 7.7 Hz, 1H), 3.12 (d, J = 13.6 Hz, 1H), 3.10 (d, 
J = 13.6 Hz, 1H), 2.99 (d, J = 13.4 Hz, 1H), 2.98 (d, J = 13.6 Hz, 1H), 2.81 – 2.69 (m, 4H), 1.69 (td, J = 
10.6, 5.4 Hz, 1H), 1.65 – 1.61 (m, 1H), 1.61 – 1.43 (m, 7H), 1.38 (m, 3H), 1.29-1.20 (m, 1H), 1.20 – 
1.12 (m, 1H), 0.92 (d, J = 6.4 Hz, 3H), 0.88 (d, J = 6.5 Hz, 3H). 
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13C NMR (151 MHz, DMSO‐d6) δ 173.49, 172.53, 171.82, 171.05, 141.85, 141.35, 131.87, 130.94, 
127.32 (q, J=32.2 Hz), 127.12 (q, J=32.2 Hz), 124.75 (q, J=3.9 Hz), 124.67 (q, J=3.9 Hz), 124.45 (q, 
J=272.3 Hz), 124.35 (q, J=272.3 Hz), 55.14, 54.55, 51.98, 51.60, 40.06, 39.18, 38.70, 38.60 (2C), 38.01, 
30.72, 29.74, 26.87, 26.57, 24.25, 22.69, 22.64, 22.14, 21.62. 
HRMS‐ESI: C37H51F6N6O4

+ [M + H] + calcd: 757,3871, found: 757,3874, UPLC purity 100%. 
 
1,1'-(((3R,6S,9S)-9-Isobutyl-2,5,8,11-tetraoxo-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-3,6-diyl)bis(propane-3,1-diyl))diguanidine x TFA (021) 
1H NMR (600 MHz, DMSO‐d6) δ 8.67 (d, J = 6.8 Hz, 1H), 7.98 (d, J = 6.2 Hz, 1H), 7.69 (d, J = 8.3 Hz, 
2H), 7.65 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 7.54 (s, 1H), 7.41 (d, J = 9.1 Hz, 1H), 7.25 (d, J 
= 8.0 Hz, 2H), 6.60 (dd, J = 7.6, 4.1 Hz, 1H), 4.27 (td, J = 8.7, 6.6 Hz, 1H), 4.06 (ddt, J = 18.1, 8.9, 6.4 
Hz, 2H), 3.32 (dd, J = 13.6, 7.7 Hz, 1H), 3.16 – 3.04 (m, 6H), 2.99 (td, J = 12.2, 7.1 Hz, 2H), 2.53 (d, J 
= 13.0 Hz, 1H), 1.73 (td, J = 7.5, 4.5 Hz, 1H), 1.66 – 1.46 (m, 7H), 1.39 (dt, J = 13.5, 7.0 Hz, 2H), 1.37 
– 1.28 (m, 1H), 0.92 (d, J = 6.5 Hz, 3H), 0.88 (d, J = 6.4 Hz, 3H). 
13C NMR (151 MHz, DMSO‐d6) δ 173.52, 172.81, 171.66, 170.94, 156.65, 156.60, 141.85, 141.36, 
131.86, 130.94, 127.29 (q, J = 31.8 Hz), 127.16 (q, J = 31.8 Hz), 124.46 (q, J = 271.9 Hz), 124.76 (q, J 
= 3.3 Hz), 124.67 (q, J = 2.5 Hz), 55.08, 54.35, 51.90, 51.59, 40.37, 40.29, 40.23, 39.16, 38.64, 38.04, 
28.29, 27.47, 25.44, 25.04, 24.25, 22.63, 21.67. 
HRMS‐ESI: C37H51F6N10O4

+ [M + H] + calcd: 813,3994, found: 813,3995, UPLC purity 99%. 
 
(3S,6S,9S)-3,9-Bis(4-aminobutyl)-6-benzyl-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,5,8,11-tetraone x TFA (031) 
1H NMR (600 MHz, DMSO‐d6) δ 8.22 (d, J = 5.3 Hz, 1H), 7.71 (d, J = 8.2 Hz, 2H), 7.65 (d, J = 8.1 Hz, 
2H), 7.56 (t, J = 6.7 Hz, 2H), 7.28 (t, J = 7.4 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 7.21 (t, J = 7.8 Hz, 1H), 
7.19 (d, J = 8.5 Hz, 2H), 6.46 (d, J = 8.3 Hz, 1H), 4.52 (q, J = 8.6 Hz, 1H), 3.93 (q, J = 7.4 Hz, 1H), 3.70 
(dt, J = 11.3, 4.7 Hz, 1H), 3.36 (dd, J = 13.3, 8.8 Hz, 1H), 3.21 (d, J = 13.9 Hz, 1H), 3.17 (d, J = 13.7 
Hz, 1H), 3.01 – 2.92 (m, 2H), 2.89 (d, J = 12.8 Hz, 1H), 2.84 (dd, J = 13.6, 8.6 Hz, 1H), 2.77 – 2.66 (m, 
4H), 1.96 – 1.87 (m, 1H), 1.75 – 1.64 (m, 2H), 1.64 – 1.53 (m, 1H), 1.55 – 1.39 (m, 4H), 1.29 – 1.22 
(m, 1H), 1.14 – 0.99 (m, 3H). 
13C NMR (151 MHz, DMSO‐d6) δ 174.04, 171.25, 170.84, 170.24, 141.81, 141.53, 137.12, 131.76, 
130.86, 129.09, 128.14, 127.26 (q, J = 31.9 Hz), 127.07 (q, J = 31.8 Hz), 124.82 (q, J = 3.3 Hz), 124.70 
(q, J = 3.3 Hz), 124.46 (q, J = 271.8 Hz), 124.37 (q, J = 271.8 Hz), 56.77, 54.60, 53.34, 51.43, 41.56, 
38.69, 38.62, 37.27, 36.35, 29.05, 28.24, 26.64, 26.62, 22.57, 22.48. 
HRMS‐ESI: C40H49F6N6O4

+ [M + H] + calcd: 791,3714, found: 791,3717, UPLC purity 100%. 
 
1,1'-(((2S,5S,8S)-5-Benzyl-3,6,9,13-tetraoxo-12,12-bis(4-(trifluoromethyl)benzyl)-1,4,7,10-
tetraazacyclotridecane-2,8-diyl)bis(propane-3,1-diyl))diguanidine x TFA (041) 
1H NMR (600 MHz, DMSO‐d6) δ 1H NMR (600 MHz, DMSO) δ 8.67 (d, J = 7.5 Hz, 1H), 8.38 (d, J = 
4.9 Hz, 1H), 7.73 (s, 4H), 7.55 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 5.5 Hz, 1H), 7.43 (d, J = 9.4 Hz, 1H), 
7.42 – 7.39 (m, 1H), 7.27 (dd, J = 8.5, 6.6 Hz, 2H), 7.21 (d, J = 8.1 Hz, 2H), 7.19 (t, J = 8.0 Hz, 1H), 
7.18 (d, J = 8.2 Hz, 2H), 6.50 (dd, J = 9.3, 2.7 Hz, 1H), 4.52 (dt, J = 9.7, 8.1 Hz, 1H), 3.94 (td, J = 8.0, 
4.8 Hz, 1H), 3.60 (td, J = 8.6, 4.1 Hz, 1H), 3.29 (d, J = 13.8 Hz, 1H), 3.17 (d, J = 13.6 Hz, 1H), 3.14 – 
3.07 (m, 3H), 3.02 (tt, J = 13.7, 6.5 Hz, 2H), 2.93 (dd, J = 13.5, 8.2 Hz, 1H), 2.86 – 2.78 (m, 2H), 2.38 
(d, J = 13.4 Hz, 1H), 1.95 (td, J = 14.3, 4.2 Hz, 1H), 1.83 – 1.63 (m, 3H), 1.52 (tt, J = 13.4, 7.4 Hz, 1H), 
1.37 (ddd, J = 20.7, 13.1, 7.2 Hz, 1H), 1.19 (tt, J = 12.5, 6.3 Hz, 1H), 1.10 (ddt, J = 18.6, 12.5, 6.5 Hz, 
1H). 
13C NMR (151 MHz, DMSO‐d6) δ 174.38, 171.39, 170.81, 169.82, 156.70, 156.57, 141.82, 141.58, 
136.99, 131.95, 130.83, 129.09, 128.17, 127.27 (q, J = 31.5 Hz), 127.07 (q, J = 31.4 Hz), 124.78 (q, J = 
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3.5 Hz), 124.66 (d, J = 2.8 Hz), 124.49 (q, J = 272.0 Hz), 124.35 (q, J = 271.8 Hz), 56.75, 54.33, 53.66, 
51.61, 40.61, 40.47, 40.34, 37.48, 37.19, 26.41, 25.49, 25.37, 25.11. 
HRMS‐ESI: C40H49F6N10O4

+ [M + H] + calcd: 847,3837, found: 847,3836, UPLC purity 99%. 
 
1-(3-((2S,5S,8S)-2,8-Bis(3-guanidinopropyl)-3,6,9,13-tetraoxo-12,12-bis(4-
(trifluoromethyl)benzyl)-1,4,7,10-tetraazacyclotridecan-5-yl)propyl)guanidine x TFA (006) 
1H NMR (600 MHz, DMSO‐d6) δ 8.62 (d, J = 8.0 Hz, 1H), 8.33 (d, J = 5.6 Hz, 1H), 7.83 (t, J = 5.5 Hz, 
1H), 7.74 (t, J = 5.7 Hz, 1H), 7.70 (d, J = 8.2 Hz, 2H), 7.67 (t, J = 5.8 Hz, 1H), 7.64 (d, J = 8.1 Hz, 2H), 
7.56 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 8.7 Hz, 1H), 7.22 (d, J = 8.0 Hz, 2H), 6.51 (dd, J = 8.9, 3.1 Hz, 
1H), 4.22 (q, J = 8.2 Hz, 1H), 4.09 (dt, J = 9.1, 6.1 Hz, 1H), 3.86 (ddd, J = 10.3, 7.9, 4.5 Hz, 1H), 3.42 
(dd, J = 13.4, 8.9 Hz, 1H), 3.25 (d, J = 13.9 Hz, 1H), 3.15 (q, J = 7.1 Hz, 1H), 3.14 – 3.07 (m, 4H), 3.02 
(d, J = 13.8 Hz, 1H), 2.91 – 2.85 (m, 1H), 2.06 – 1.97 (m, 1H), 1.85 – 1.78 (m, 1H), 1.77 – 1.66 (m, 
2H), 1.68 – 1.58 (m, 2H), 1.59 – 1.51 (m, 1H), 1.51 – 1.34 (m, 3H). 
13C NMR (151 MHz, DMSO‐d6) δ 174.30, 172.15, 171.38, 170.13, 156.89, 156.79, 156.75, 141.86, 
141.59, 131.63, 130.86, 127.26 (q, J = 31.9 Hz), 127.12 (q, J = 31.7 Hz), 124.82 (q, J = 3.7 Hz), 124.70 
(q, J = 3.9, Hz), 124.44 (q, J = 271.9 Hz), 124.36 (q, J = 271.8 Hz), 56.25, 53.58, 53.03, 51.41, 41.82, 
40.32, 40.26, 40.16, 36.24, 28.38, 26.42, 26.27, 25.61, 25.33, 25.10. 
HRMS‐ESI: C37H52F6N13O4

+ [M + H] + calcd: 856,4164, found: 856,4163, UPLC purity 97%. 
 

Bacterial Strains and Antibacterial Activity Testing 

Antimicrobial activity testing was performed using the following test strains: The Gram-positive 
bacteria B. subtilis 168 (ATCC 23857), C. glutamicum (ATCC 13032), S. aureus (ATCC 9144) and S. 
epidermidis RP62A (ATCC 35984) and the Gram-negative bacteria E. coli (ATCC 25922) and P. 
aeruginosa (ATCC 27853). The antibacterial activity was assessed using a microdilution assay 
according to a modified CLSI-based method. (25) Briefly, bacterial cultures were grown overnight in 
Mueller–Hinton (MH) broth medium (Difco Laboratories, Detroit, MI, USA) and adjusted to 2.5–3 × 
104 CFU/mL in MH medium. The peptides were diluted in ultrapure water to a concentration of 250 
µg/mL. The suspension of actively growing bacteria (50 μL) was distributed in 96-well microplates 
(Nunc, Roskilde, Denmark) preloaded with 50 μL of two-fold dilutions of peptide solution. The 
microplates were incubated in an EnVision 2103 microplate reader (PerkinElmer, Llantrisant, UK) at 
35 °C, with OD595 recorded every hour for 24 h. The minimum inhibitory concentration (MIC) was 
defined as the lowest concentration of peptides resulting in no bacterial growth, compared to the 
bacterial growth control, consisting of bacterial suspension and water. Polymyxin B sulfate (Sigma-
Aldrich, St. Louis, MO, USA) and chlorhexidine acetate (Fresenius Kabi, Halden, Norway) served as 
positive (growth inhibition) controls, whereas media plus water served as a negative control. All 
peptides and controls were tested in triplicates. 
 

Haemolytic Toxicity Assay  

The synthesised tetrapeptides were screened for haemolytic toxicity against human red blood cells 
(RBC) in concentrations ranging from 500 to 3.9 µM, according to a previously described protocol. (10) 
In brief, haemolysis was determined using a heparinized (10 IU/mL) fraction of freshly drawn human 
blood. Another fraction of blood, which was collected in test tubes with ethylenediaminetetraacetic acid 
(EDTA, Vacutest, KIMA, Arzergrande, Italy), was used for determination of the haematocrit (hct). 
Plasma was removed from heparinized blood by washing three times with prewarmed phosphate-
buffered saline (PBS) before being adjusted to a final hct of 4%. Tested peptides, which were dissolved 
in dimethyl sulfoxide (DMSO), were subsequently diluted with PBS to a final DMSO content of ≤1%. 
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A 1% solution of Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) served as a positive control for 
100% haemolysis, whereas 1% DMSO in PBS buffer served as a negative control. Duplicates of test 
solutions and erythrocytes (1% hct final concentration) were prepared in a 96-well polypropylene V-
bottom plate (Nunc, Fischer scientific, Oslo, Norway). They were incubated under agitation at 37 °C 
and 800 rpm for 1 h. After centrifugation (5 min, 3000 × g), 100 µL from each well was transferred to 
a flat-bottomed 96-well plate. Absorbance was measured at 545 nm with a microplate reader 
(SpectraMax 190, Molecular Devices, San Jose, CA, USA). After subtracting PBS background, the 
percentage of haemolysis was determined as the ratio of the absorbance in the peptide-treated and 
surfactant-treated samples. Three independent experiments were performed. EC50 values, which 
represent the concentration of the peptide giving 50% haemolysis, are presented as averages. 

 

Surface Plasmon Resonance  

The SPR experiments were performed using the L1 chip and T200 Biacore instrument 
(GEHealthcare, Chicago, IL, USA). The experiment setup, including flow rates, chip modification, 
immobilisation of vesicles and liposome recovery can be found at Jakubec et al. (21) Briefly, DMPC 
vesicles were prepared by the standard method from dry lipid film. (26) DMPC vesicles with 10% (w/w) 
LPS (from Escherichia coli O111:B4, Merk, Germany) were prepared by the same method with 
modification according to Palusińska-Szysz et al. (27) Vesicles were then extruded through 100 nm 
pore, using Avanti Lipids mini-extruder. An L1 chip was covered with extruded vesicles using flowrate 
of 2 µl/min for 2400 seconds. Coverage was tested by injection of 0.1 mg/ml bovine serine albumin for 
1 minute at a flowrate of 30 µl/min; a change < 400 RU indicated sufficient coverage. Increasing 
concentration of peptides (from 4 to 128 µM) were injected onto the chip for 200 s association and 400 
s dissociation using flowrate of 15 µl/min.  

The results were processed using MATLAB R2022a (scripts available at 
https://github.com/MarJakubec) using the method presented by Figueira et al. and modified by 
Juskewitz et al. (20, 28) Briefly, KP was calculated from steady state affinity using Eq (1): 

 
𝑅𝑅𝑅𝑅𝑆𝑆
𝑅𝑅𝑅𝑅𝐿𝐿

=
𝛾𝛾𝐿𝐿𝐾𝐾𝑃𝑃

𝑀𝑀𝑆𝑆
𝑀𝑀𝐿𝐿

[𝑆𝑆]𝑊𝑊
1 + 𝜎𝜎𝛾𝛾𝐿𝐿𝐾𝐾𝑃𝑃[𝑆𝑆]𝑊𝑊

 
(Eq 1) 

where RUS and RUL are the relative responses of solute (peptides) and lipids respectively, γL is the molar 
volume of the lipids (average for mixture of DMPC and LPS), MS and ML are the molecular mass of 
solute and lipid, respectively, and [S]W is the concentration of solute in water. KP and σ are obtained 
from fitting (with σ being lipid to solute ratio). 

For koff we have first linearised dissociation process using Eq (2) and then calculated average koff 
values by Eq (3): 

 𝑆𝑆𝐿𝐿(𝑡𝑡) =  𝛼𝛼𝑒𝑒−𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝛼𝛼𝑡𝑡 + 𝛽𝛽𝑒𝑒−𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝛽𝛽𝑡𝑡 + 𝑆𝑆𝐿𝐿,𝑟𝑟 (Eq 2) 

 
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 =

𝛼𝛼𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝛼𝛼 + 𝛽𝛽𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝛽𝛽

𝛼𝛼 + 𝛽𝛽
 

(Eq 3) 

where SL is the linearised ratio of solute and lipid, α and β are individual populations, and SL,r is the 

retained solute fraction. 
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Tetrapeptides Sequence Charge Comment Purity (%) Retention time (min) 

001 cK4LK +2 L-lysine 97.8 6.23 
002 cR4LR +2  99.52 6.38 
003 cLK4K +2  97.43 5.30 
004 cLR4R +2  97.87 5.46 
005 cKPrpKK +3  97.85 4.61 
006 cR4RR +3  97.16 5.08 

0011 cKD4LK +2 D-lysine 100 6.07 
0021 RD4LR +2 D-Arg,linear 95.58 5.25 
0021 RD4LR +2 D-Arg, cyclic 99.33 6.18 
0031 cFK4K +2  100 5.33 
0041 FR4R +2 linear 99.21 4.99 
0041 cFR4R +2 cyclic 98.56 5.47 

 

 

 

 

 

cK4LK_001    6.23 
3015705 

cR4LR_002 

cLK4K_003 

   6.38 
659176 

   5.30 
459469 



 

 

 

 

 

 

cLR4R_004 

cKPrpKK_005 

cR4RR_006 

cKD4LK_0011 

   5.46 
783794 

   4.61 
842885 

   5.08 
848850 

   6.07 
459097 

RD4LR_0021    5.25 
689840 



 

 

 

 

 

 

 

 

 

 

 

cFK4K_0031 

cFR4R_0041 

   5.33 
1086855 

   5.47 
1826537 

cRD4LR_0021    6.18 
1220988 

FR4R_0041    4.99 
593929 



Table S1. Calculated and observed m/z values for the synthesized tetrapeptides 

 

   [M+H]+ [M+2H]2+ [M+3H]3+ [M+4H]4+ 

Tetrapeptide 
Molecular 

mass 
Monoisotopic calculated observed calculated observed calculated observed calculated observed 

cK4LK_001 756.8354 756.3798 757.387076 757.38721 379.197176 379.19749 253.133876 - 190.102226 - 

cR4LR_002 812.8634 812.3921 813.399376 813.39941 407.203326 407.2036 271.804643 - 204.105301 - 

cLK4K_003 756.8354 756.3798 757.387076 757.38716 379.197176 379.19743 253.133876 - 190.102226 - 

cLR4R_004 812.8634 812.3921 813.399376 813.39938 407.203326 407.20364 271.804643 - 204.105301 - 

cK6KK_005 691.962 691.4785 692.485776 692.48589 346.746526 346.74682 231.500109 - 173.876901 - 

cR4RR_006 855.8924 855.4091 856.416376 856.41631 428.711826 428.71219 286.143643 286.1438 214.859551 - 

cKD4LK_0011 756.8354 756.3798 757.387076 757.38742 379.197176 379.19766 253.133876 - 190.102226 - 

RD4LR_ 0021 
linear 

830.8784 830.4026 831.409876 831.4097 416.208576 416.2091 277.808143 - 208.607926 - 

cRD4LR_ 0021 
cyclic 

812.8634 812.3921 813.399376 813.3995 407.203326 407.2039 271.804643  204.105301 - 

cFK4K_0031 790.8524 790.3641 791.371376 791.37167 396.189326 396.18968 264.461976 - 198.598301 - 

FR4R_0041 
linear 

864.8954 864.387 865.394276 865.39398 433.200776 433,20119 289.136276 - 217.104026 - 

cFR4R_0041 
cyclic 

846.8804 846.3764 847.383676 847.38359 424.195476 424.19595 283.132743 - 212.601376 - 

           

cFK4K_0031 
diaster 

790.8524 790.3641 791.371376 791.37139 396.189326 396.18981 264.461976 - 198.598301 - 

 

 

Tetrapeptide Sequence 
Charge x 
TFA 

Charge Molecular 
mass  TFA salt 

Comment 
Purity 
(%) 

Retention 
time 
(min) EC uM EC ug/ml 

1 cK4LK 228.0464 +2 756.8354 984.8818 L-Lysine 97.8 6.23 107.4 105.776305 

2 cR4LR 228.0464 +2 812.8634 1040.9098 
 99.52 6.38 31.5 32.7886587 

3 cLK4K 228.0464 +2 756.8354 984.8818 
 97.43 5.3 500 492.4409 

4 cLR4R 228.0464 +2 812.8634 1040.9098 
 97.87 5.46 206.6 215.051965 

5 cKPrpKK 342.0696 +3 691.962 1034.0316 
 97.85 4.61 500 517.0158 

6 cR4RR 342.0696 +3 855.8924 1197.962 
 97.16 5.08 233 279.125146 

11 cKD4LK 228.0464 +2 756.8354 984.8818 D-Lysine 100 6.07 433 426.453819 

21 RD4LR 342.0696 +3 830.8784 1172.948 Linear 95.58 5.25 500 586.474 

21 cRD4LR 228.0464 +2 812.8634 1040.9098 Cyclic 99.33 6.18 174 181.118305 

31 cFK4K 228.0464 +2 790.8524 1018.8988 
 100 5.33 500 509.4494 

41 FR4R 342.0696 +3 864.8954 1206.965 Linear 99.21 4.99 354 427.26561 

41 cFR4R 228.0464 +2 846.8804 1074.9268 Cyclic 98.56 5.47 108 116.092094 

 

 

 

 

 



 

Peptide Sequence RBC [µM] Gram-positive bacteria [µg/mL] Gram-negative bacteria [µg/mL] 

   Bs Cg Sa Se Ec Pa 

1 cK4LK_001 107.4 2.03 2.03 4.06 4.06 4.06 8.12 

2 cR4LR_002 31.5 1.92 1.92 3.84 3.84 3.84 7.69 

3 cLK4K_003 500 4.06 2.03 8.12 8.12 32.49 64.98 

4 cLR4R_004 206.6 1.92 1.92 3.84 1.92 7.69 30.74 

5 cKPrpKK_005 500 1.93 1.93 15.47 3.87 30.95 30.95 

6 cR4RR_006 233 0.83 1.67 0.83 0.83 1.67 3.34 

11 cKD4LK_0011 433 3.90 1.95 7.80 7.80 7.80 7.80 

21 RD4LR_0021 500 1.71 6.82 13.64 6.82 13.64 13.64 

21 cRD4LR_0021 174 0.96 3.84 1.92 1.92 3.84 7.69 

31 cFK4K_0031 500 1.95 0.98 7.80 3.90 15.60 31.25 

41 FR4R_0041 354 3.9 0.98 15.6 7.8 15.6 15.6 

41 cFR4R_0041 108 0.98 0.24 1.95 1.95 3.90 15.60 

 

Figure Sx. 1H NMR spectrum of 001 

1H NMR (600 MHz, DMSO) δ 8.39 (d, J = 8.3 Hz, 1H), 7.90 (d, J = 6.4 Hz, 1H), 7.69 (d, J = 8.2 Hz, 2H), 7.58 (d, J = 
8.1 Hz, 4H), 7.54 (d, J = 8.7 Hz, 1H), 7.27 (d, J = 8.0 Hz, 2H), 6.46 (dd, J = 8.4, 3.2 Hz, 1H), 4.26 – 4.10 (m, 2H), 4.00 
– 3.80 (m, 1H), 3.37 (dd, J = 13.4, 8.4 Hz, 1H), 3.15 (s, 1H), 3.09 (d, J = 14.2 Hz, 1H), 2.95 (d, J = 13.6 Hz, 2H), 2.81 
– 2.71 (m, 4H), 2.66 (d, J = 13.8 Hz, 1H), 1.98 (dtd, J = 18.0, 9.1, 7.9, 4.7 Hz, 1H), 1.68 (tdt, J = 19.4, 9.7, 5.1 Hz, 
1H), 1.61 (q, J = 7.7 Hz, 1H), 1.58 – 1.47 (m, 4H), 1.39 (ddd, J = 14.0, 8.8, 5.5 Hz, 1H), 1.35 – 1.18 (m, 3H), 0.91 (d, J 
= 6.6 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H).
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Figure Sx. 13C NMR spectrum of 001 

13C NMR (151 MHz, DMSO) δ 173.77, 172.37, 171.49, 170.48, 141.88, 141.58, 131.43, 130.92, 127.25 (q, J = 31.4 Hz), 127.17 (d, J = 31.4 Hz), 124.87 (q, J = 3.5 

Hz), 124.73 (q, J = 3.4 Hz), 124.41 (q, J = 271.8 Hz), 124.36 (q, J = 271.8 Hz), 116.06, 54.55, 53.80, 52.73, 51.24, 42.84, 35.62, 30.46, 28.94, 26.52, 26.44, 24.33, 

22.87, 22.66, 22.32, 21.43.
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Figure Sx. Superimposed HSQC (red CH, CH3, blue CH2) and HMBC (black) spectra of 001 
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Figure Sx. DQF-COSY spectrum of 001 
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Figure Sx. ROESY (300ms spinlock duration) spectrum of 001 
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Figure Sx. 1H NMR spectrum of 0011 

1H NMR (600 MHz, DMSO) δ 8.66 (d, J = 6.8 Hz, 1H), 7.95 (d, J = 6.3 Hz, 1H), 7.69 (d, J = 8.3 Hz, 2H), 7.65 (d, J = 8.6 Hz, 2H), 

7.64 (b, 6H), 7.57 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 9.1 Hz, 1H), 7.25 (d, J = 8.0 Hz, 2H), 6.55 (dd, J = 7.7, 4.0 Hz, 1H), 4.25 (q, J = 7.9 

Hz, 1H), 4.07 (dt, J = 9.6, 6.2 Hz, 1H), 4.01 (ddd, J = 9.5, 6.7, 5.1 Hz, 1H), 3.32 (dd, J = 13.6, 7.7 Hz, 1H), 3.12 (d, J = 13.6 Hz, 1H), 

3.10 (d, J = 13.6 Hz, 1H), 2.99 (d, J = 13.4 Hz, 1H), 2.98 (d, J = 13.6 Hz, 1H), 2.81 – 2.69 (m, 4H), 1.69 (td, J = 10.6, 5.4 Hz, 1H), 

1.65 – 1.61 (m, 1H), 1.61 – 1.43 (m, 7H), 1.38 (m, 3H), 1.29-1.20 (m, 1H), 1.20 – 1.12 (m, 1H), 0.92 (d, J = 6.4 Hz, 3H), 0.88 (d, J = 

6.5 Hz, 3H).



 

Figure Sx. 13C NMR spectrum of 0011 

13C NMR (151 MHz, DMSO) δ 173.49, 172.53, 171.82, 171.05, 141.85, 141.35, 131.87, 130.94, 127.32 (q, J=32.2 Hz), 127.12 (q, J=32.2 Hz), 124.75 (q, J=3.9 Hz), 124.67

(q, J=3.9 Hz), 124.45 (q, J=272.3 Hz), 124.35 (q, J=272.3 Hz), 55.14, 54.55, 51.98, 51.60, 40.06, 39.18, 38.70, 38.60 (2C), 38.01, 30.72, 29.74, 26.87, 26.57, 24.25, 22.69, 

22.64, 22.14, 21.62.



 

Figure Sx. Superimposed HSQC (red CH, CH3, blue CH2) and HMBC (black) spectra of 0011 
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Figure Sx. DQF-COSY spectrum of 0011 
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Figure Sx. ROESY (300ms spinlock duration) spectrum of 0011 
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Figure Sx. 1H NMR spectrum of 003 

1H NMR (600 MHz, DMSO) δ 8.48 (d, J = 8.4 Hz, 1H), 8.13 (d, J = 5.9 Hz, 1H), 7.77 (t, J = 5.8 Hz, 3H), 7.70 (d, J = 8.2 Hz, 5H), 7.59 (d, J = 8.0 Hz, 2H), 7.56 

(d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 6.44 (dd, J = 8.5, 3.1 Hz, 1H), 4.32 (td, J = 8.7, 6.3 Hz, 1H), 4.08 (dt, J = 9.1, 6.2 Hz, 1H), 3.92 (ddd, J = 10.3, 8.4, 

4.3 Hz, 1H), 3.32 (dd, J = 13.3, 8.5 Hz, 1H), 3.20 – 3.12 (m, 2H), 2.96 – 2.92 (m, 1H), 2.90 (d, J = 14.1 Hz, 1H), 2.64 (d, J = 13.8 Hz, 1H), 1.96 (dtt, J = 13.6, 

9.2, 3.7 Hz, 1H), 1.75 (dtd, J = 14.5, 9.4, 5.5 Hz, 1H), 1.67 (ddq, J = 19.3, 9.3, 5.5 Hz, 2H), 1.41 – 1.33 (m, 0H), 1.33 – 1.21 (m, 3H), 0.90 (d, J = 5.8 Hz, 2H), 

0.87 (d, J = 5.8 Hz, 3H).



 

Figure Sx. 13C NMR spectrum of 003 

13C NMR (151 MHz, DMSO) δ 173.96, 171.72, 171.65, 170.58, 141.84, 141.53, 131.51, 130.88, 127.27 (q, J = 31.7 Hz), 127.12 (q, J

= 31.7 Hz), 124.89 (q, J = 3.8 Hz), 124.77 (q, J = 3.9 Hz), 124.40 (q, J = 272.2 Hz), 124.35 (q, J = 272.2 Hz), 56.44, 52.62, 52.56, 

51.26, 42.71, 40.15, 40.06, 38.91, 38.71, 38.62, 35.34, 29.04, 28.92, 26.56, 26.50, 24.62, 22.77, 22.64, 22.45, 22.09.



 

Figure Sx. Superimposed HSQC (red CH, CH3, blue CH2) and HMBC (black) spectra of 003 
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Figure Sx. DQF-COSY spectrum of 003 
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Figure Sx. ROESY (300ms spinlock duration) spectrum of 003 
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Figure Sx. 1H NMR spectrum of 002 

1H NMR (600 MHz, DMSO) δ 8.53 (d, J = 8.1 Hz, 1H), 7.99 (d, J = 6.3 Hz, 1H), 7.69 (d, J = 7.9 Hz, 3H), 7.64 (t, 

J = 5.4 Hz, 1H), 7.61 (d, J = 8.1 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 7.33 (s, 2H), 7.26 (d, J = 8.0 Hz, 2H), 6.92 (s, 

4H), 6.48 (dd, J = 8.8, 3.0 Hz, 1H), 4.20 (q, J = 8.2 Hz, 1H), 4.16 (dt, J = 10.4, 5.9 Hz, 1H), 3.90 (ddd, J = 10.0, 

7.9, 4.5 Hz, 1H), 3.40 (dd, J = 13.4, 8.6 Hz, 1H), 3.19 (d, J = 14.2 Hz, 1H), 3.16 – 3.04 (m, 5H), 2.99 (d, J = 13.7 

Hz, 1H), 2.93 (dd, J = 13.3, 3.0 Hz, 1H), 2.62 (d, J = 13.7 Hz, 1H), 2.06 – 1.94 (m, 0H), 1.70 (dtd, J = 19.2, 9.7, 

4.8 Hz, 2H), 1.64 – 1.57 (m, 2H), 1.56 – 1.33 (m, 2H), 0.91 (d, J = 6.6 Hz, 2H), 0.89 (d, J = 6.5 Hz, 2H).



 

Figure Sx. 13C NMR spectrum of 002 

13C NMR (151 MHz, DMSO) δ 173.91, 172.61, 171.49, 170.24, 156.73, 141.92, 141.62, 131.52, 130.92, 127.25 (q, J 

= 31.9 Hz), 127.16 (q, J = 31.4 Hz), 124.83 (q, J = 3.5 Hz), 124.71 (q, J = 3.4 Hz), 124.44 (q, J = 271.7 Hz), 124.37 (q, 

J = 271.8 Hz), 54.62, 53.63, 52.89, 51.33, 40.32, 40.15, 40.06, 38.79, 38.31, 28.17, 26.45, 25.57, 25.11, 24.35, 22.84, 

21.43.



 

Figure Sx. Superimposed HSQC (red CH, CH3, blue CH2) and HMBC (black) spectra of 002 
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Figure Sx. DQF-COSY spectrum of 002 
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Figure Sx. ROESY (300ms spinlock duration) spectrum of 002 
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Abstract 

Due to growing antibiotic resistance, new types of antimicrobials such as antimicrobial peptides 

(AMPs) are widely studied. Since their antimicrobial activity is often dependent on their structure 

and conformation, methods capable of providing such information quickly and easily are in high 

demand.  

In this work, we use vibrational circular dichroism (VCD) spectroscopy and molecular modelling 

to study the structure and conformation of four cyclohexapeptides with antimicrobial activity. 

Since cyclohexapeptides generally possess significant conformational flexibility, an extensive 

conformational search must precede the ab initio calculation of VCD spectra. A typical workflow 

for this task is to do a statistical averaging of spectra for a large number of structures produced by 

molecular dynamics (MD) simulations. However, this approach is very computationally 

demanding, since it requires geometry optimization and VCD property calculation for a significant 

number of structures. Therefore, less expensive computational approaches based on Boltzmann 

averaging of conformers are also commonly used. 

We here compare a classical MD conformational sampling approach with CREST based 

computational protocol based on meta-dynamics simulations and Boltzmann averaging for 

calculation of VCD spectra of model cyclohexapeptides in two solvents (water and DMSO). While 

calculations based on an MD conformational ensemble provide very good agreement with 

experimental spectra for both solvents, the CREST based calculations in most cases fail to 

reproduce the experimental spectral patterns. This is due to a strong preference of the CREST 

approach for conformations with internal side chain – backbone hydrogen bonding, which is caused 

by a combination of several factors, such as use of an implicit solvent model during the simulation, 

the length and nature of amino acid side chains, and/or use of dispersion-corrected energies. The 

quality of conformational sampling by CREST and MD-based approach is further validated using 

experimental and theoretical NMR spectra.  

 

 

 



Introduction 

Growing antibiotic resistance is becoming one of the world’s most urgent public health problems, 

with wide implications also for food security and technology development.1-3 Bacterial infections 

are becoming increasingly difficult to treat as available antibiotics become less effective. 

Therefore, efforts to develop new classes of antimicrobials with reduced risk of triggering antibiotic 

resistance, such as antimicrobial peptides, are accelerating.4-6 

Antimicrobial peptides (AMPs) are short and mostly positively charged peptides that can be found 

in a variety of organisms with direct and indirect (immunomodulatory) antimicrobial activity.7, 8 

The mode of action can vary in different AMPs but often involves peptide-membrane interactions, 

including association and membrane disruption.9, 10 Although AMPs have diverse amino acid 

sequences, they often include hydrophobic and positively charged amino acids in their structure. 

The positively charged amino acids such as lysine (Lys, K) and arginine (Arg, R) are responsible 

for initial electrostatic interactions with the negatively charged bacterial membrane, while 

hydrophobic amino acids such as tryptophan (Trp, W) enable the peptide to interact with the 

hydrophobic parts of the phospholipid bilayer.11-13 

In addition to the amino acid composition, the antimicrobial activity of AMPs also depends on their 

structure and conformation.14, 15 Therefore, rapid and reliable experimental methods able to assess 

the dominating and/or antimicrobially active conformations of AMPs in various environments are 

much needed. The most common experimental techniques to study the conformation of peptides 

include X-ray crystallography16, 17 and nuclear magnetic resonance (NMR) spectroscopy.18, 19 Even 

though these techniques provide atomic-resolution structures, they have several drawbacks. For 

example, X-ray crystallography requires extensive experimental work in preparation of the 

diffracting crystal, which may in some cases even fail. In addition, the crystal structure of a 

molecule may deviate from its structure in the solution.20, 21 More advanced NMR spectroscopy 

techniques have in many cases been successful in structural studies of small molecules in 

solution,22 however, preparation of isotopically labeled samples may be complicated and expensive 

for bigger molecules.23 Therefore, other techniques such as vibrational circular dichroism (VCD) 

that can quickly and easily provide insight into the general structure of peptides are becoming more 

and more important.24-29 In VCD, the differential absorption of left- and right-handed circularly 



polarized light in the infrared spectral range is measured, providing additional and often 

complementary information to that obtained in regular infrared absorption spectroscopy. 

In the last decades, VCD has been used not only for absolute configuration determination of chiral 

molecules, but also for structural studies of biopolymers such as nucleic acids, proteins and 

peptides.30-34 In the case of proteins and peptides, VCD has proven to be highly sensitive to 

backbone conformation and has enabled identification of the major structural motifs present in the 

biopolymers (α-helix, β-sheet, random coil, etc.).35, 36 In peptides, also turns are common structural 

motifs. But, in contrast to rather rigid structural motifs such as α-helices and β-sheets, empirical 

comparisons of experimental VCD spectra with standardized spectral patterns for individual 

structural motifs cannot always reliably estimate the dominating turn. Thus, a theoretical 

interpretation of the spectra is needed to extract such information.37, 38 The theoretical modeling of 

the spectra is straightforward and well-established for small rigid molecules; however, the situation 

gets more complicated with increasing size and flexibility of the molecules.  

Besides VCD, the structural information on conformation of peptides can be extracted from nuclear 

magnetic resonance (NMR) spectroscopy.39, 40 NMR spectroscopy is a robust and versatile tool in 

analytical chemistry that can be used to monitor changes in single atoms within a target molecule. 

By observing different magnetic properties, we can observe how molecules behave in different 

environments.   

Using JHH coupling constants to estimate dihedral angles through the Karplus equation is a well-

established technique in NMR spectroscopy. Moreover, anisotropic NMR has emerged as a 

powerful technique for structural studies of small molecules.41-43 Residual dipolar couplings (RDC) 

depend on the relative orientation of the 1H-13C bond vectors, and Residual chemical shift 

anisotropy (RCSA) depend on the relative orientation of the carbon chemical shielding tensors 

relative to the magnetic field. Together, they provide information on the relative orientation of 

different parts of the molecule and configuration of stereogenic centers. Combined with chemical 

shifts, anisotropic NMR conducts a rich informational content on peptide structure. 

In this work we use VCD spectroscopy combined with theoretical interpretation of the 

experimental data to investigate the structure of four cyclohexapeptides with potential 

antimicrobial activity (data not published yet). All the investigated peptides contain Trp as a 

hydrophobic amino acid, and either Lys or Arg as a positively charged amino acid. The 



hydrophobic and charged amino acids either appear in alternating (cyclo(WXWXWX); X = K or 

R) or clustered (cyclo(WWWXXX); X = K or R) sequences. The structural information obtained 

using VCD methodology is further validated by both experimental and theoretical NMR 

spectroscopy data.  

Even though cyclization of small peptides generally results in lower flexibility, cyclohexapeptides 

still possess significant conformational flexibility. Therefore, ab initio calculation of the IR, VCD 

and NMR spectra needs to be preceded by an extensive conformational search. In previous works, 

we developed a computational protocol to identify the most relevant conformations of cyclic 

peptides using CREST (Conformer-Rotamer Ensemble Sampling Tool).44, 45 Compared to the 

cyclic peptides this protocol was validated for, the peptides investigated in this work have longer 

and charged side chains that can participate in intramolecular interactions. To ensure that the 

structures predicted by a CREST protocol are valid also for such peptides, we have compared the 

VCD and NMR spectra of the structures determined as relevant by the CREST protocol with a 

more traditional approach where the sampling of the conformational space is performed with 

classical molecular dynamics (MD) simulations.  

There are two significant differences between the two approaches. First difference lies in how these 

computational methods model the solvent. While CREST uses an implicit solvent model during 

the simulation, explicit water molecules are present in the MD simulation allowing specific solvent-

solute interactions to be explicitly accounted for, which may be important for obtaining the correct 

conformational ensemble, in particular for systems and solvents with strong intermolecular 

interactions. Second difference is related to how the relevant conformers in each approach are 

determined. In CREST, energies and Boltzmann averages are used to identify important 

conformers and to calculate the final vibrational spectra, while MD provides a statistical averaging 

of conformations observed during the simulation run. In this work we investigate which of these 

approaches leads to the best agreement with experimental spectra, and thus is best suited to aid in 

the structural analysis of cyclohexapeptides. 

 

 

 



Methods 

Synthesis of Cyclohexapeptides 

The cyclic peptides 1 – 4 (Figure 1) were synthesized using solid-phase peptide synthesis 

methodology46 and fluorenylmethoxycarbonyl (Fmoc) chemistry procedures47 as described 

previously. Briefly, the first amino acid was coupled to 2-Chlorotrityl chloride resin and the linear 

peptide precursors were prepared by an automated peptide synthesizer. The linear peptides were 

cleaved from the resin under mild acidic conditions and head-to-tail cyclized in solution. Next, the 

sidechains were deprotected and the crude cyclic peptides were purified by preparative reverse-

phase HPLC. A detailed description of the synthetic procedure and characterization of the products 

can be found in the Supporting Information.  

 

Vibrational Spectroscopy of Cyclohexapeptides 

IR and VCD Spectra Acquisition. IR absorption and VCD spectra were measured with an Invenio 

R FTIR spectrometer with PMA50 module for polarization measurements (Bruker) at 8 cm-1 

resolution and PEM set to 1600 cm-1 using a demountable BaF2 cell and a 50 μm Mylar spacer. For 

spectra in water, D2O was used as a solvent in order to avoid a strong deformation vibration band 

of H2O overlapping with the amide I band of peptides. The peptides were mixed with D2O and 

lyophilized overnight, and then dissolved in D2O at a concentration of 20 mg/mL. For DMSO, non-

deuterated peptides were dissolved in DMSO-d6 at concentration 25 mg/mL. These solutions were 

used for IR and VCD spectra measurements. 

Usually, 50 μL of peptide solution was deposited on the bottom cell window and covered with the 

top window. Five blocks of 22500 scans (15 hours of total accumulation time) were collected and 

averaged. Spectra of D2O / DMSO-d6 measured at the same conditions were subtracted from the 

sample spectra. The values of g-factor were calculated as ∆A/A, where ∆A is the amplitude of a 

VCD couplet and A is the absorption intensity of the corresponding IR band.  

 



 

Figure 1. Investigated cyclohexapeptides 1 – 4.   

 

Calculation of VCD Spectra with CREST Conformational Sampling. The general workflow 

for conformational sampling described in our previous work48  is based on meta-dynamics 

simulations as implemented in CREST 2.10. The conformer ensemble generated by CREST was 

then re-ranked by a DFT single-point energy calculation (B3LYP/6-31+G*49/CPCM50, 51) using 

Gaussian 16 (Rev. B.01)52. Conformers with energy within the 2.5 kcal/mol from the lowest-lying 

conformer after the DFT single-point energy calculations were geometry optimized, and the 

resulting structures were used to calculate IR and VCD intensities. If less than 20 conformers lied 

within 2.5 kcal/mol after the single-point energy calculation, we included the lowest-energy 

conformations above 2.5 kcal/mol up to a total number of 20 conformers to ensure that the 

conformational space was sufficiently sampled.45  

These structures were then geometry optimized and VCD properties were calculated at the DFT 

level (B3LYP/6-31+G*/CPCM) using Gaussian 16 (Rev. B.01). After geometry optimization, 

some of the conformers ended up in the same minimum. To remove these duplicates, we compared 

the energies and rotational constants for the individual conformers, and only unique conformers 

were included in the final spectra. Final IR and VCD spectra were generated as Boltzmann averages 

based on free energies for the unique conformers using a Lorentzian bandshape with a full width 

at half maximum (FWHM) of 10 cm-1 with the CDSpecTech software.53 The number of structures 

considered at each stage of the CREST calculation are summarized in Table 1.  

 



Table 1. Number of conformers generated by CREST at each stage of IR and VCD spectra 

calculation.  

 Solvent Conformers 
found by CREST 

Geom Opt 
Conformers 

Unique 
conformer 

Contributed to 
spectra >1 % 

Peptide 1 
water 326 20 19 5 

DMSO 297 34 25 3 

Peptide 2 
water 268 20 19 5 

DMSO 297 20 15 11 

Peptide 3 
water 368 20 20 5 

DMSO 230 20 20 7 

Peptide 4 
water 142 20 20 4 

DMSO 143 20 18 12 

 

Calculation of VCD Spectra with MD Conformational Sampling. The initial structure of the 

investigated cyclic peptides was prepared using the Maestro molecular modelling package.54 The 

cyclic peptides were constructed by linking the N- and C-terminal residues of the linear peptides 

followed by an energy minimization. MD simulations were performed with some modifications 

according to the protocol of McHugh et al.55 using GROMACS 202056-59 in water and in DMSO. 

For water, the RSFF1 force field60 and TIP4P-Ew waters were used for the MD simulation. In the 

case of DMSO, we used the OPLS-AA/L force field61 and a box of pre-equilibrated DMSO 

molecules. Some modifications to the GROMACS library files as described by Jiang and Geng62 

were applied to generate input files suitable for cyclic peptides.  

The peptides were placed in a cubic box containing pre-equilibrated solvent molecules (~2000 and 

~500 molecules for the H2O and DMSO simulations, respectively). The dimensions of the box 

were such that the minimum distance between solute molecule and the edges of the box was 1.0 

nm. The solvated system was energy minimized with the steepest descent algorithm. The 

equilibration was performed in two stages with a step size of 2 fs. The first stage of equilibration 

consisted of a 50 ps NVT simulation at 300 K followed by a 50 ps NPT simulation at 300 K and a 



pressure of 1 bar. During the first step of equilibration, a position restraint with a force constant of 

1000 kJ mol-1 nm-2 on the heavy atoms in the peptide was used. The second stage of equilibration 

was done without the position restraint on the peptide and consisted of a 100 ps NVT simulation at 

300 K followed by a 100 ps NPT simulation at 300 K and 1 bar. 

The production run was performed within the NVP ensemble at 300 K and 1 bar with a leapfrog 

algorithm63 for 1 μs with a step size of 2 fs. The temperature was controlled using the V-rescale 

thermostat method64 with a coupling time constant of 0.1 ps. The solute and solvent molecules 

were coupled to separate thermostats. The pressure was maintained by the Parrinello-Rahman 

barostat method with a coupling time constant of 2.0 ps and a compressibility of 4.5 x 10-5 bar-1. 

To constrain bonds involving hydrogens to their equilibrium value, the LINCS algorithm65 was 

used. Non-bonding interactions were treated with a cut-off radius of 1.0 nm. Electrostatic 

interactions beyond this threshold were treated with the Particle Mesh Ewald method66 with a 

Fourier spacing of 0.12 nm and an interpolation order of 4. To account for the truncation of the 

Lennard-Jones interactions, long-range analytic dispersion corrections to both energy and pressure 

were applied. The simulation trajectories were sampled every 10 ps. For each molecule, 200 

snapshots were extracted from the trajectory, stripped of solvent, and the resulting structures were 

used for DFT calculation of IR and VCD spectra.  

The geometry optimizations and VCD property calculations for conformers generated by the MD 

simulations were performed at the DFT level (B3LYP/6-31+G*/CPCM) using Gaussian 16 (Rev. 

B.01). The final spectra were generated using the CDSpecTech software53 as a simple average of 

spectra of all 200 snapshot geometries. A Lorentzian bandshape with a FWHM of 10 cm-1 was 

applied.  

Clustering of the MD Conformers for Investigation of Their Backbone Structure. The 

geometry optimized structures from the MD simulations were clustered by the Conformer Cluster 

Panel script in Maestro.54 The clustering was done based on the atomic root-mean-square deviation 

(RMSD) of the backbone, including hydrogens on both the α-carbons and amide groups. Based on 

the statistics from a test run, the Kelley index67 was used to choose the optimal number of clusters. 

The clustering was then done with the number of clusters resulting in the lowest Kelley Penalty 

using the Average linkage method implemented in Maestro.54 From each of the largest clusters, 



accounting for up to 90 % of the spectra, one structure was extracted and characterized in terms of 

dihedral angles, internal hydrogen bonding and turns. 

 

Nuclear Magnetic Resonance Spectroscopy of Cyclohexapeptides 

NMR Spectra Acquisition. NMR spectra were acquired on a Bruker Avance III HD spectrometer 

operating at 600 MHz for 1H, equipped with an inverse TCI cryoprobe. NMR spectra for all studied 

cyclic peptides were acquired at 298 K in 5mm tubes (in 3mm Shigemi tube for c(WWWRRR) 

peptide) using standard pulse programs in water and d-DMSO. 

ROESY, TOCSY, DQF-COSY, 15N-HSQC, HSQC, and HMBC NMR spectra were recorded with 

gradient selection and adiabatic pulses when applicable. ROESY and TOCSY spectra were 

recorded with mixing times of 25–200 ms and 80 ms, respectively. Spectra were processed with 

TopSpin 3.6.0, and assignments were done manually. The full assignment in H2O was previously 

published,68 while the assignment in d-DMSO is reported in the Supporting Information (Tables 

S1-S4). 

The experimental J-coupling constants were found by using the deconvolution tool in MestreNova 

on 1D 1H spectra. For a few less resolved signals, the coupling constants were found by a lineshape 

fitting from a high resolution and zero filled 15N-HSQC F2 slice. 

Sample Preparation and Data Acquisition of Anisotropic NMR. Polyacrylamide (PAA) gels 

were cast at room temperature in the form of rods with a 40mm length and 5.4mm diameter, 

approximately 1.3 mm more than the inner diameter of the standard 5mm NMR tube, in a NewEra 

Gel Chamber under a blanket of Argon gas.69, 70 The gel was cast using a solution of 223 μL 

acrylamide (acrylamide/bisacrylamide 19:1), 105 μL freshly prepared 1% ammonium persulphate 

solution, 10.5 μL of N,N,N′,N′-Tetramethylethylenediamine (TEMED), and 712 μL of H2O, for a 

total volume of 1050 μL. After gelation and washing with water 3 times, the gel was dried overnight 

at room temperature. The dried gel was inserted into a 5mm NMR tube with a 2.5mM solution of 

cyclic hexapeptide in 500 μL of H2O/D2O (90/10 %) with 0.5 % TMSP-d4 as internal standard. 

The gel was fully stretched after two weeks, then HSQC-CLIP and 1D 13C NMR spectra were 

collected, together with HMBC, HSQC, and DQF-COSY for chemical shift referencing. The RDCs 

were extracted as a difference in splitting of the signal in HSQC-CLIP in ppm between the samples 

with- and without PAA gel. RCSAs were extracted as a shift of the 13C signal in Hz between the 



samples with- and without PAA gel. The experimental RDC and RCSA values were compared to 

the ones calculated for conformers using MSpin, and Quality factors (Q-factors) were collected. 

Calculation of NMR Chemical Shifts. Chemical shifts were calculated for the geometry 

optimized conformational ensembles used in the VCD spectra calculations. The NMR chemical 

shifts calculations for cyclohexapeptides were carried out at the DFT level (mPW1PW9171/6-

311++G**/CPCM) using Gaussian 16 (Rev. B.01). Chemical shifts for TMS and TMSP-d4 in 

DMSO and water, respectively, were calculated at the same level of theory and used as a reference 

for 1H and 13C chemical shifts calculations in their respective solvents. The final chemical shift 

spectra were generated either as Boltzmann averages based on free energies for the unique 

conformers (CREST-based conformers) or as a simple average of all conformations (MD-based 

ensemble). The comparison between experimental and calculated chemical shifts was performed 

using an in-house MatLab script.  

Calculation of J-coupling Constants. J-coupling values for the calculated conformations were 

evaluated by MSpin using the built-in Pardi (1990) module for 3J H(N)-Cα-H coupling constants. 

The coupling constants were calculated for all six amino acids of the four cyclic hexapeptides. For 

CREST, all conformers evaluated. Due to time constraints, only some structures were used for 

evaluation of J-coupling constants in MD-based ensemble (every 10th conformer starting with nr. 

1 and up to nr. 200; a total of 21 conformers). To justify this step, we compared the J-coupling 

constants of the reduced ensemble (21 conformers) with the unreduced one (200 conformers) for 

the c(WWWKKK) cyclopeptide and found no significant changes of the values (Table S6 in 

Supporting Information). The final J-coupling values were generated either as Boltzmann averages 

based on free energies for the unique conformers (CREST-based conformers) or as a simple 

average of all conformations (MD-based ensemble).   

 

Results and Discussion 

We first focus on the experimental IR absorption and VCD spectra of peptides 1 – 4 in D2O. We 

then evaluate the performance of the CREST-based computational protocol for these systems, 

followed by a comparison of the CREST and MD conformational sampling methodology for 

peptide 1. Finally, we compare the two computational approaches for the calculation of vibrational 



spectra of peptide 1 in DMSO. The analysis is complemented by experimental and theoretical 

isotropic and anisotropic NMR parameters.  

 

Experimental IR and VCD Spectra of Cyclohexapeptides in D2O. Infrared absorption and VCD 

spectra of peptides are rich in structural information, since VCD spectral signatures can often be 

directly linked to the backbone conformation. Vibrational absorption spectra of proteins and 

peptides comprise mainly of two regions: the amide I region (1600 – 1700 cm-1, mainly carbonyl 

stretching vibration) and the amide II region (~1550 cm-1 in H2O and ~1450 cm-1 in D2O, 

combination of N-H bending and C-N stretching vibrations). In Figure 2, we present experimental 

IR and VCD spectra of peptides 1 – 4 in D2O. Heavy water was used as a solvent due to the strong 

absorption of H2O in the carbonyl stretching region. This deuteration primarily affects the 

absorption energies in the amide II region, resulting in a significant shift to lower frequencies.  

The infrared spectra of all investigated peptides in D2O are dominated by a strong absorption band 

in the amide I region at 1672 cm-1 with a single shoulder at 1630 cm-1 for peptide 1 and 2, and 

multiple other bands merged to a complex and wide feature with a maximum at 1610 cm-1 for 

peptide 3 and 4. The more complex nature of the amide I region for peptides 3 and 4 originates in 

vibrations connected to the guanidino groups in the Arg side chains (see Figure S1 and Table S6 

in Supporting Information). The amide II region is similar for all investigated peptides and is 

comprised of a complex band with a maximum at 1456 cm-1.  

Interestingly, all investigated peptides measured in D2O provide similar features in their VCD 

spectra, primarily in the amide I region. These are characterized by a strong (+/–) couplet with a 

positive wing at 1652 cm-1 and a negative wing at 1627 cm-1. The shape of the couplet is only 

slightly altered for individual peptides. Due to this remarkable similarity of the VCD spectra in the 

amide I region, we assume that the overall backbone conformation of the investigated cyclic 

peptides is similar and is only slightly altered by the amino acid side chains. More differences can 

be observed in the amide II region. For peptides 1 and 2 containing lysine, a negative band at 1423 

cm-1 can be observed. Other features in the amide II region have too low intensity to be interpreted. 

For peptides 3 and 4 containing arginine, the amide II region is unusually intense and provides 

several spectral features. In the VCD spectra of peptide 3, a ‘W-shape’ feature can be recognized 

with local minima at 1423 and 1387 cm-1. The most prominent feature in the amide II region of the 



VCD spectrum of peptide 4 is a couplet with a positive wing at 1435 cm-1 and a negative wing at 

1418 cm-1, which is only slightly less intense than the amide I couplet. The g-factors calculated as 

a ratio between the absorption intensity and the amplitude of the corresponding VCD couplet for 

all investigated cyclohexapeptides are ~5×10-5 (see Table S7 in Supporting Information), which is 

a typical value for peptides.  

 



 

Figure 2. Experimental IR absorption and VCD spectra of investigated cyclohexapeptides 1 – 4 at 

20 mg/mL in D2O.  

 



Calculation of Vibrational Spectra of Cyclohexapeptides Based on CREST Conformers in 

D2O. To understand the structural information in the experimental spectra, we performed CREST 

conformational sampling and DFT spectra calculation for peptides 1 – 4 in D2O. The results are 

summarized in Figure 3.  

The spectra consist of the amide I region (1580 – 1720 cm-1), which was in all cases simulated at 

significantly higher frequencies compared to experiment (shifts of 30 – 50 cm-1), and the amide II 

region around 1450 cm-1. The shift of the amide I region in the calculated spectra arises mainly 

from the neglect of specific solvent-solute interactions during the DFT spectra calculation using an 

implicit solvent model.48 The overall agreement of the main VCD spectral signatures in the amide 

I region between the calculated and experimental spectra is poor. For peptide 1, an experimental 

(+/–) VCD couplet centered at 1638 cm-1 shows a (+/–/+) signature in the calculation based on 

CREST conformers. For peptides 2 and 3, more complex VCD signatures in the amide I region are 

not in agreement with experimental couplets. The best agreement between calculation and 

experiment in the amide I region was observed for peptide 4. In this case, CREST correctly 

predicted a (+/–) couplet centered at 1678 cm-1. The agreement of CREST signatures with 

experiment is much better in the amide II region. For peptides 1 – 3, CREST was able to predict 

the overall spectral shapes, although the fine spectral features cannot be compared due to high 

signal-to-noise ratio of the experimental VCD spectra in this region. Interestingly, the CREST-

based spectra for peptide 4 which showed the best agreement with experiment in the amide I region 

failed to correctly predict the spectral signatures in amide II region. The experimental VCD spectra 

of peptide 4 in the amide II region show a relatively strong (+/–) couplet centered at 1427 cm-1 that 

is not reproduced in the calculated spectra.  

The backbone structures of the dominating conformers for peptides 1 – 4 predicted by CREST are 

illustrated in Figure S2 in the Supporting Information.  

To investigate whether the poor agreement between the experimental and calculated VCD spectra 

lies in insufficient or erroneous conformational sampling, in the next section we compare the 

CREST conformational search with the statistical averaging of the MD conformational ensemble 

for peptide 1. 

 



 

Figure 3. Experimental (D2O, 20 mg/mL) and calculated (conformational sampling performed by 

CREST, spectra calculated at B3LYP/6-31+G*/CPCM level) IR and VCD spectra for  

cyclohexapeptides 1 – 4.  

 



Vibrational Spectra of Peptide 1 in D2O based on MD and CREST Conformers. To link the 

experimental spectral shapes to the backbone conformation of cyclohexapeptides, we compare the 

experimental and calculated IR absorption and VCD spectra for peptide 1 in D2O in Figure 4. The 

conformational sampling preceding the DFT calculation of the spectra was performed either by 

MD simulations (middle spectrum, red line) or CREST sampling (top spectrum, blue line). In the 

following text, we use the term ‘MD based’ when referring to the spectra calculated based on the 

MD conformational ensemble, and ‘CREST based’ for spectra calculated based on the CREST 

conformers. 

  

 

Figure 4. Comparison of experimental (orange; 20 mg/mL) and calculated IR absorption (left 

panel) and VCD (right panel) spectra of peptide 1 in D2O. The conformational search for the 

peptide preceding DFT calculation was performed by two methods: CREST (blue) and MD (red).  

 



Both MD and CREST based calculations correctly predicted the split of the amide I band in the IR 

spectrum into two components, although with opposite relative intensities. In this sense, the MD 

based calculation performed a bit better, predicting the relative intensities of the two peaks to be 

similar. In VCD, an experimental (+/–) couplet in the amide I region centered at 1638 cm-1 is very 

well reproduced in the MD based spectrum, although with a significant shift of ~45 cm-1 to higher 

frequencies due to the implicit solvent used in the DFT calculation. In the amide II region, the MD 

calculation provides a composite spectral pattern in VCD with a local maximum at 1465 cm-1 and 

a local minimum at 1442 cm-1, which is not consistent with the experimental ‘W’-like pattern. The 

convergence of the spectra based on the number of averaged MD structures is shown in Figure S3 

(Supporting Information). 

 

Analysis of the Calculated Conformations of Peptide 1 in D2O. It is evident that using MD and 

CREST conformers results in different spectral patterns. To better understand the origin of these 

differences, we investigated the backbone structure of the conformational ensembles produced by 

the two approaches.   

The backbone structure of the investigated peptides is determined primarily by hydrogen bonding 

between the carbonyl oxygens and amide hydrogens within the backbone. Various backbone 

conformations can be classified as different turns, characterized by several parameters. The first 

parameter is the number of peptide bonds between a hydrogen acceptor (C=O) and a hydrogen 

donor (N-H). According to this, turns in peptides can be divided into different classes: π-turn (5 

peptide bonds), α-turn (4 bonds), β-turn (3 bonds), γ-turn (2 bonds) and δ-turn (1 bond). Of these, 

β-turns are the most usual form followed by γ-turns, while δ-turn is the least common type due to 

high steric hindrance. These classes of turns are further divided into different subtypes depending 

on the dihedral angles the backbone assumes. The more common β-turns are classified by φi+1, ψi+1, 

φi+2 and ψi+2 dihedral angles, while the slightly less common γ-turns are classified based on the 

dihedral angles φi + 1 and ψi+1 (Figure 5).  

 



 

Figure 5. Example of peptide 1 backbone structure with a β- (left) and γ-turn (right). Peptide turns 

are further classified based on dihedral angles (ϕi+1, ψi+1, ϕi+2 and ψi+2 for β-turns, and ϕi+1 and ψi+1 

for γ-turns).  

 
The cyclohexapeptides discussed in this work contain mostly β- and γ-turns in their backbone 

structure. There are two types of γ-turns: a classical γ-turn (γcl) with dihedral angles approximately 

φi+1 ~ 75° and ψi+1 ~ –65° and an inverse γ-turn (γinv) with dihedral angles φi+1 ~ –75° and ψi+1 ~ 

65°. β-turns are in general more flexible and can assume at least 8 different conformations. Of 

these, five types of β-turns were identified in the investigated cyclohexapeptides and the values of 

the dihedral angles corresponding to these types of β-turns are summarized in Table 2. 

 

Table 2. Ideal values for 4 types of β-turns identified in the investigated cyclohexapeptides.72   

 ϕi+1 ψi+1 ϕi+2 ψi+2 

βI –60 ° –30 ° –90 ° 0 ° 

 βI’   60 °   30 °   90 ° 0 ° 

 βII –60 °    120 °   80 ° 0 ° 

  βII’   60 °  –120 ° –80 ° 0 ° 

  βIV does not fit any other β-turn criteria 

 



Based on a backbone similarity analysis, extracted and geometry optimized structures of peptide 1 

from the MD simulation in water were divided into 19 clusters. The 9 largest clusters account for 

up to 90% of the spectra, and their backbone conformations are classified by their turns in Table 3. 

In water, βII- and βII’-turns are the most prevalent in the MD structures. Both types of γ-turns are 

also present, but only in combination with β-turns. In the CREST ensemble, the two most populated 

conformers have a combination of βIV- and γinv-turns in their structure. The remaining three 

conformers with lower Boltzmann weights have surprisingly symmetrical structures (see Figure S4 

in Supporting Information) containing three γcl- and three γinv-turns. 

 

Table 3. Structural analysis of conformational ensembles predicted by MD and CREST 

simulations of peptide 1 in water. For MD, individual clusters were obtained by backbone 

comparison in Maestro. Only the largest clusters that in sum contribute to 90% of the final spectra 

are included in the table. For CREST, all conformers that contribute more than 1% to the final 

spectra are included.  

 Molecular Dynamics   CREST 

 Turn(s) Weight # of conf   Turn(s) Weight 

Cluster 1 βII’ and βI 23.5 % 47  Conformer 1 βIV and γinv 82.0 % 

Cluster 2 βII 23.0 % 46  Conformer 2 βIV and γinv 7.5 % 

Cluster 3 βII and βII’ 10.5 % 21  Conformer 3 3 γcl, 3 γinv 5.2 % 

Cluster 4 βII and γcl 10.5 % 21  Conformer 4 3 γcl, 3 γinv 1.9 % 

Cluster 5 βII, γinv, γcl 8.0 % 16  Conformer 5 3 γcl, 3 γinv 1.8 % 

Cluster 6 βII’ 7.0 % 14     

Cluster 7 βII’ and γinv 5.5 % 11     

Cluster 8 βI’ and βII’ 3.0 % 6     

Cluster 9 βII’ and γcl 3.0 % 6     

 



To better understand the origin of the differences in backbone structure, we compare the structure 

of a representative MD conformer from the largest cluster and a CREST conformer with the largest 

Boltzmann weight (Figure 6, (a) and (c) for MD, and (b) and (d) for CREST). A representative 

MD conformer has fully extended Lys side chains, allowing for hydrogen bonding with water 

molecules. Although the general backbone conformation differs between the MD clusters, most of 

the conformers (~90 %) have fully extended Lys side chains interacting with solvent molecules. In 

contrast to the MD structures, the dominating CREST conformer contains two Lys side chain 

amino groups hydrogen bonded to the peptide backbone carbonyl oxygens.  

One reason for the significant difference in conformations simulated by MD and CREST may 

originate in the way a solvent is included. Explicit water molecules are present during the MD 

simulation, while implicit solvation by a continuum model is used for CREST. The use of implicit 

solvation during the CREST simulation results in a strong preference for conformations with 

hydrogen bonding between the Lys amino group hydrogens and the backbone carbonyl oxygens. 

This internal hydrogen bonding has a considerable influence on the backbone conformation, 

resulting in an altered conformational ensemble that subsequently leads to the false signatures in 

the CREST based VCD spectra. Another reason for the unrealistic conformational ensemble may 

be the use of dispersion-corrected energies when choosing relevant conformers during the CREST 

simulation. As shown in other works, including dispersion corrections often results in a preference 

for structures with more internal interactions. Therefore, although CREST may find conformers 

more similar to the ones predicted by MD simulations, only the ones with more internal interactions 

are determined relevant due to the selection based on dispersion-corrected energies. 

 

 



 

Figure 6. The dominating structures from MD (a and c) and CREST (b and d) conformational 

ensemble for peptide 1 in water. Hydrogen bonding is depicted by a green line. The top row shows 

only the backbone and hydrogen bonding within the backbone, while the bottom row shows the 

whole peptide including the side chains. For MD, a representative structure from the largest cluster 

is shown, while for CREST the conformer with the largest Boltzmann weight is shown.  

 

Vibrational Spectra of Peptide 1 in DMSO based on MD and CREST Conformers. In our 

previous work, we successfully applied a protocol for CREST / DFT calculation of vibrational 

properties to cyclic peptides in various organic solvents. Therefore, in order to see if CREST based 

calculations of VCD spectra for peptides 1 – 4 work better in organic solvents than in water, we 

present the experimental and CREST / MD based IR absorption and VCD spectra for peptide 1 in 

DMSO in Figure 7. Moreover, since VCD signatures are linked to the backbone conformation, 



which is strongly influenced by intra- and inter-molecular interactions, this allows us to investigate 

the solvent influence on peptide structure. 

The experimental IR spectrum in the amide I region is dominated by a strong and relatively sharp 

absorption maximum at 1690 cm-1 accompanied by a prominent shoulder at 1653 cm-1. The amide 

II region is broad with a maximum at 1530 cm-1. In VCD, a strong (+/–) couplet in the amide I 

region centered at 1663 cm-1 can be observed. This couplet is asymmetric with a stronger positive 

wing at 1678 cm-1 and a less intense sharper negative wing at 1651 cm-1. In the amide II region, a 

broad negative peak is located at 1506 cm-1. The g-factor is 6×10-5. 

Since peptide 1 was not deuterated in DMSO, a direct spectral comparison with D2O is not possible. 

However, some conclusions can still be made. Firstly, a carbonyl stretching band in DMSO is 

shifted to higher frequencies than in D2O (maxima at 1672 cm-1 in D2O vs. 1690 cm-1 in DMSO). 

This is due to strong non-covalent interactions between the carbonyl oxygen and water molecules, 

that decrease the strength of the C=O bond and subsequently cause the shift of its stretching 

vibration to lower frequencies. Such interactions are not present for DMSO. Another consequence 

of this is a slightly broader bandwidth for D2O.  

Moreover, even though we cannot directly use spectral shapes for structural comparison, a 

difference in backbone structure in two solvents can be expected. DMSO is a strong hydrogen bond 

acceptor interacting strongly with amide and amine hydrogens of the peptide backbone and polar 

side chains and unlike water, it lacks hydrogens which can participate as donors in hydrogen 

bonding with carbonyls on the peptide backbone. Therefore, these varied peptide-solvent 

interactions in different solvents can lead to significant alterations of the peptide backbone 

conformation, leading to differences in the spectra. 

 



 

Figure 7. Comparison of experimental (orange, concentration 25 mg/mL) and calculated IR 

absorption (left panel) and VCD (right panel) spectra of peptide 1 in DMSO. The conformational 

search for cyclohexapeptide preceding the DFT calculation was performed by two methods: 

CREST (blue), and molecular dynamics sampling (red).  

  

The calculated IR spectrum based on MD conformers bears some resemblance to the experiment. 

In the calculated spectrum, the amide I region consists of a superposition of two bands with maxima 

at 1698 and 1684 cm-1. The separation of these two bands is smaller than in experiment (14 cm-1 

vs. 37 cm-1, respectively), and their relative intensities do not match the experiment well. In the 

amide II region, the calculation predicts a broad band at 1556 cm-1, which is reproduced in the 

experiment at 1530 cm-1. In VCD, the main sign of the couplet in amide I region is reproduced 

correctly, even though its shape is not entirely consistent with the experiment. Moreover, it is 

predicted at higher frequencies than in the experiment (1700 cm-1 vs. 1663 cm-1, respectively). In 



the amide II region, the calculation predicts a strong negative band located at 1538 cm-1, which is 

in good agreement with the experiment, even though it is slightly shifted to higher frequencies. As 

for water, a convergence of the spectra based on the number of averaged MD structures is discussed 

in Figure S5 (Supporting Information).  

For peptide 1 in DMSO, the CREST based spectra performed very poorly in predicting the correct 

shapes and signs of the experimental IR absorption and VCD spectra. In IR, the bandshape clearly 

consists of several peaks, of which the one located at 1665 cm-1 has the highest intensity, which is 

not in agreement with the experimental spectral shapes. The amide II region is correctly predicted 

with a broad single band, even though it is significantly shifted to higher frequencies when 

compared to experiment (1578 cm-1 vs. 1530 cm-1, respectively). In the amide I region, the CREST 

based VCD spectra provided a strong (–/+) couplet centered at 1690 cm-1 having opposite signs 

compared to experiment. In the amide II region, two negative peaks are observed at 1573 and 1548 

cm-1. Even though the sign of the bands in the amide II region is predicted correctly, there is a 

splitting of the amide II band in the CREST based spectrum that is not observed in the experimental 

spectrum.  

 

Analysis of the Calculated Conformations of Peptide 1 in DMSO. As for water, we analyze the 

conformational ensemble from the CREST and MD simulations in terms of their backbone 

conformations. The MD structures were clustered based on their backbone structure and in DMSO 

this resulted in 27 clusters, where the 15 largest of them account for up to 90% of the spectra (Table 

4). Most of the geometries have one or two internal hydrogen bonds in the backbone and adopt 

conformations with β- or γ-turns. The dominating β-turn is βI followed by βII. Classical and inverted 

γ-turns are almost equally represented. One structural cluster with low weight (2 %) adopted a 

backbone conformation with a combination of βI- and π-turns.  

The three CREST conformers identified as relevant have more or less identical backbone structures 

with three hydrogen bonds resulting in three turns: one βI-, one βII’- and a classical γ-turn. 

Interestingly, all relevant conformers from CREST contain a βII’-turn, which is observed only in 

one of the structures analyzed from the MD ensemble. As for water, both CREST and MD in 

DMSO produce conformational ensembles with quite different backbone structures and this 

directly translates to differences in their spectra. 



 

Table 4. Structural analysis of conformational ensembles predicted by MD and CREST 

simulations of peptide 1 in DMSO. For MD, individual clusters were obtained by backbone 

comparison in Maestro. Only the largest clusters that in sum contribute to 90% of the final spectra 

are included in the table. For CREST, all conformers that contribute more than 1% to the final 

spectra are included.  

 Molecular Dynamics   CREST 

 Turn(s) Weight # of conf   Turn(s) Weight 

Cluster 1 βII and γcl 13.0 % 26  Conformer 1 βII’, βI and γcl 97.0 % 

Cluster 2 βI 11.0 % 22  Conformer 2 βII’, βI and γcl 2.0 % 

Cluster 3 βI 11.0 % 22  Conformer 3 βII’, βI and γcl 1.0 % 

Cluster 4 βI’ 8.5 % 17     

Cluster 5 γcl and γcl 8.0 % 16     

Cluster 6 γcl 8.0 % 16     

Cluster 7 γcl and γinv 6.0 % 12     

Cluster 8 βI 5.5 % 11     

Cluster 9 βI and βII’ 5.0 % 10     

Cluster 10 βII 3.0 % 6     

Cluster 11 γcl and γinv 3.0 % 6     

Cluster 12 γcl and γinv 3.0 % 6     

Cluster 13 βI and γcl 2.0 % 4     

Cluster 14 βI and π 2.0 % 4     

Cluster 15 γinv 2.0 % 4     

 

We showed that hydrogen bonding of the side chains to the backbone significantly affects CREST 

based conformers in water. Therefore, we compare the side chain conformation of peptide 1 in 



DMSO based on MD and CREST conformers in Figure 8. A representative MD conformer from 

the largest cluster (Figure 8; (a) only backbone, (c) backbone and amino acid side chains) and a 

CREST conformer with the largest Boltzmann weight (Figure 8; (b) only backbone, (d) backbone 

and amino acid side chains) are shown. As for water, the Lys side chains for most of the MD 

conformers in DMSO (~99 %) are fully extended and do not interact with the backbone. This is 

not the case for the CREST conformers, where all three of the Lys side chains are hydrogen bonded 

to carbonyl oxygens in the backbone. As for water, this hydrogen bonding seriously affects the 

backbone conformation, resulting in erroneous VCD signatures.  

 

 

Figure 8. The dominating structures from MD (left) and CREST (right) ensemble of peptide 1 in 

DMSO. Hydrogen bonding is depicted by a green line. The top row shows only the backbone and 

hydrogen bonding within the backbone, while the bottom row shows the whole peptide including 



the side chains. For MD, a representative structure from the largest cluster is shown, while for 

CREST the conformer with the largest Boltzmann weight is shown.  

 
Analysis of the Calculated Conformations of Peptide 1 with respect to NMR parameters. 

NMR spectroscopy is a well-established method in conformation and configuration analysis. In 

order to provide more experimental input, both isotropic (13C chemical shifts and 3JHNHA) and 

anisotropic (RDCs and RCSAs) NMR parameters were acquired for peptides 1-4 (Tables S8 – S16 

and Figures S6 – S10 in Supporting Information).  

For peptide 1, the experimental and simulated chemical shifts have a significantly better fit to the 

MD-based conformational ensemble than the CREST-based ensemble, in both water and DMSO 

(Table 5), as can be seen by the significantly lower mean absolute errors (MAEs). This is also 

consistent with the 3JHNHA couplings, which shows the MAE of 0.5 Hz for CREST conformers and 

0.3 Hz for MD-based conformations, respectively, in water. In DMSO, the corresponding MAEs 

are 1.6 and 0.6 Hz in favor of the MD-based ensemble (all couplings are presented in Table S9).  

 

Table 5. Mean absolute error for chemical shift comparison of c(WKWKWK). All values are given 

in ppm.   

Solvent Spectrum 
Full Peptide Backbone Only 

CREST MD CREST MD 

Water 
1H 2.468 0.862 2.539 0.530 

13C 14.875 8.108 15.812 7.758 

DMSO 
1H 0.756 0.536 0.605 0.478 

13C 7.026 6.291 7.972 6.293 

 

The anisotropic parameters, RDCs and RCSAs, did not distinguish between the two ensembles 

(Table S8). This can likely be attributed to the fact that nearly all of the measurable RDCs 

originated from the side chains, while the backbone conformation was the basis for the clustering. 



It is also possible that the single alignment tensor model used to fit the data is not optimal for this 

class of molecules, which are relatively flat and in two out of four cases also symmetric.  

 

Summary and concluding remarks 

In this work, we used VCD and NMR spectroscopy to study the conformation of four 

cyclohexapeptides with antimicrobial activity in two different solvents: D2O and DMSO. We found 

that all the investigated peptides in D2O show similar VCD signatures in the amide I region, 

suggesting that their backbone conformation is similar and only influenced to a very minor extent 

by the nature of the amino acid side chains or their sequence.  

To understand the structural information contained in the spectra, we used theoretical modelling. 

Since cyclohexapeptides are flexible molecules and a proper sampling of conformational space is 

needed before the calculation of spectral properties, the simulation of the spectra consisted of two 

steps: (i) a conformational search performed either by meta-dynamics as implemented in CREST, 

or by a statistical conformational sampling using molecular dynamics simulations; and (ii) 

subsequent DFT calculation of spectral properties.  

The conformational ensemble provided by MD proved to better reproduce VCD spectral signatures 

for a model cyclohexapeptide both in D2O and DMSO. The calculation of spectral properties based 

on the CREST conformational ensemble was not in agreement with experimental data, and in some 

cases even provided opposite spectral signatures. A structural analysis of the conformational 

ensembles generated by both methods showed that CREST favors conformations with hydrogen 

bonding between the amine hydrogens on the Lys side chains and carbonyls of the backbone. Such 

internal hydrogen bonding was only rarely present amongst the MD structures. Similar trends were 

observed for NMR spectra; theoretical calculations using the MD conformational ensemble 

provided better agreement with the experimental results both in chemical shifts and in anisotropic 

NMR values.  

This erroneous internal hydrogen bonding in the CREST conformers can originate from: (i) the 

inclusion of solvent effects during the meta-dynamics simulation by an implicit solvent model; (ii) 

dispersion correction of energies favoring the internal molecular interactions; and (iii) the length 

and polarity of amino acid side chains. The third point is especially important for our investigated 



cyclohexapeptides since these contain Lys and Arg side chains which are charged (and therefore 

strongly interacting) and long / flexible enough to sterically interact with the backbone.  

Very recently, Grimme et al. added the possibility of including explicit solvent molecules in the 

CREST simulation.73 To what extent this would improve the predicted structures of these cyclic 

peptides needs to be explored in future works to improve the agreement between the calculated and 

experimental VCD and NMR spectra. 
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Protocol for Synthesis of Investigated Cyclohexapeptides 

 
Peptide synthesis:  

Resin loading: 2-chlorotrityl chloride resin (0.15 mmol, 1.0 meq, 150 mg) was swelled in DCM 

(5 mL) for 30 min. The resin was drained and treated with a solution of Fmoc-AA-OH (0.3 mmol, 

2 eq.) and diisopropylethylamine (1.8 mmol, 12 eq.) in DCM (5 mL). The resin mixture was left 

overnight under gentle agitation at room temperature. The resin mixture was drained, treated with 

MeOH (3 x 5 mL) to cap unreacted sites and dried with diethyl ether (3 x 5 mL). 

Linear peptide synthesis: The linear peptides were prepared using an automated solid-phase 

peptide synthesizer (Biotage Initiator+ Alstra). The pre-loaded 2-chlorotrityl chloride resin was 

first swelled in DMF (20 min, 70°C). Fmoc deprotections involved treatment of the resin with 20% 

piperidine/DMF (4.5 mL, 3 min) once at room temp. followed by a second treatment at 70°C by 

microwave reactor. Amino acid couplings were performed by treating the resin with 4 eq. of Fmoc-

AA-OH (0.5 M in DMF), 4 eq. of HOBt (0.5 M in DMF), 4 eq. of HBTU (0.6 M in DMF) and 8 

eq. of DIEA (2M in NMP) for 5 min at 75°C by microwave reactor for Fmoc-Trp(Boc)-OH and 

Fmoc-Lys(Boc)-OH, or 60 min at room temp. for Fmoc-Arg(Pbf)-OH. After each Fmoc 

deprotection and AA coupling, the resin was washed with DMF (4 x 4.5 mL x 45 sec). 

Resin cleavage: The resin-bound side-chain protected linear peptide was treated with 20% 

1,1,1,3,3,3-Hexafluoro-2-propanol in DCM (2 x 5 mL x 15 min), followed by rinsing of the resin 

with DCM (5 mL). The filtrates were combined and concentrated under reduced pressure to yield 

the sidechain protected linear peptide. 

Head-to-tail cyclisation and deprotection: A solution of the linear peptide (approx. 0.15 mmol) 

and diisopropylethylamine (0.9 mmol, 157 mL) in DMF (10 mL) was added to a solution of PyBOP 

(0.45 mmol, 234 mg) in DMF (100 mL) under light stir at room temp. for 1-2 hr. The mixture was 

concentrated by reduced pressure and treated with 95:2.5:2.5 TFA/triisopropylsilane/water (4 mL) 

then left to stand for 3 hr. The mixture was concentrated under N2 gas flow followed by 

precipitation with ice-cold diethyl ether (15 mL). The precipitate was collected by filtration, 

washed with diethyl ether (15 mL), dissolved in 50% acetonitrile/water, and lyophilized to yield 

the crude, cyclic, sidechain deprotected peptide.  

 

 



Purification:  Peptides were purified by preparative reverse-phase HPLC (Waters 600 instrument 

with Waters 2487 Dual Absorbance detector) with a SunFire Prep. C18 OBD column (10 mm, 19 

x 150 mm) using linear gradients of 0.1% TFA/water (buffer A) and 0.1% TFA/acetonitrile (buffer 

B) with a flow rate of 10 mL/min.  

Analysis: Crude and final cyclic peptide products were analyzed by FT-MS (Thermo Scientific 

LTQ Orbitrap XL instrument) and by analytical reverse-phase HPLC (Waters 2795 Alliance HT 

system with Waters 2996 PDA Detector), using an Ascentis C18 column (3 mm, 3 x 100 mm) and 

solvents of 0.1% TFA/water (buffer A) and 0.1% TFA/acetonitrile (buffer B) with a linear gradient 

of 0-60% buffer B over 15 min and a flow rate of 0.5 mL/min.  

NMR (Nuclear Magnetic Resonance) spectrometry: 1D 1H NMR spectra of final cyclic peptide 

products were recorded at 1.6-2.0 mM in DMSO-d6 using a Bruker Avance III 400 MHz 

spectrometer with cryoprobe, at 298K. NMR spectra were processed using TopSpin 4.0.9 (Bruker 

BioSpin GmbH).  

 

Peptides:  

1: Cyclo(WKWKWK). Purification gradient: 5-65% buffer B over 60 min, RT = 21 min (26% 

buffer B). Yield: 40.7 mg (41.8 %) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 10.82 (s, 

1H), 8.13 (d, J = 6.0 Hz, 1H), 7.99 (d, J = 5.4 Hz, 1H), 7.64 (s, 3H), 7.57 (d, J = 7.8 Hz, 1H), 7.35 

(d, J = 8.1 Hz, 1H), 7.16 (s, 1H), 7.08 (t, J = 7.4 Hz, 1H), 7.00 (t, J = 7.4 Hz, 1H), 4.37 (q, J = 6.7 

Hz, 1H), 3.88 (q, J = 6.3 Hz, 1H), 3.27-3.12 (m, 5H), 2.55 (m, 3H), 1.57 (m, 3H), 1.36 (m, 3H), 

0.96 (m, 3H). ESI-FTMS [M + H]+ calculated: 943.5307, found: 943.5370, [M + Na]+ calculated: 

965.5126, found: 965.5176, [M + 2H]2+ calculated: 472.2693, found: 472.2713.   

 

2: Cyclo(WWWKKK). Purification gradient: 10-70% buffer B over 60 min, RT = 22 min (32% 

buffer B). Yield: 49.5 mg (39.0 %) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 10.83 (d, J = 

1.8 Hz, 1H), 10.80 (d, J = 2.0 Hz, 1H), 10.80 (d, J = 1.9 Hz, 1H), 8.20 (d, J = 5.5 Hz, 2H), 8.06 

(d, J = 7.0 Hz, 1H), 8.02 (d, J = 6.9 Hz, 1H), 7.99 (d, J = 8.1 Hz, 1H), 7.93 (d, J = 7.1 Hz, 1H), 7.72-

7.64 (m, J = 6.5 Hz, 9H), 7.56 (d, J = 7.6 Hz, 1H), 7.56 (d, J = 7.4 Hz, 1H), 7.50 (d, J = 8.0 Hz, 1H), 

7.35-7.33 (m, 3H), 7.10-7.01 (m, 6H), 7.0-6.95 (m, 3H), 4.30 (q, J = 6.9 Hz, 2H), 4.22 (q, J = 7.2 

Hz, 1H), 4.11 (q, J = 7.0 Hz, 1H), 3.93 (q, J = 6.8 Hz, 1H), 3.86 (q, J = 7.1 Hz, 1H), 3.26 (m, 2H), 

3.12-2.99 (m, 6H), 2.75 (q, J = 6.7 Hz, 2H), 2.61-2.56 (m, 2H), 1.78-1.69 (m, 4H), 1.57-1.28 (m, 



12H), 1.16-1.08 (m, 3H), 0.97 (m, 1H). ESI-FTMS [M + H]+ calculated: 943.5307, found: 

943.5354, [M + Na]+ calculated: 965.5126, found: 965.5159, [M + 2H]2+ calculated: 472.2693, 

found: 472.2702.  

 

3: Cyclo(WRWRWR). Purification gradient: 5-65% buffer B over 60 min, RT = 25 min (30% 

buffer B). Yield: 26.9 mg (22.6 %) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 10.78 (d, J = 

1.7 Hz, 1H), 8.13 (d, J = 7.6 Hz, 1H), 8.10 (d, J = 7.1 Hz, 1H), 7.56 (d, J = 7.8 Hz, 1H), 7.45 (t, J = 

5.5 Hz, 1H), 7.35 (d, J = 8.0 Hz, 1H), 7.16 (d, J = 2.1 Hz, 1H), 7.08 (t, J = 7.5 Hz, 1H), 7.00 (t, J = 

7.5 Hz, 1H), 4.36 (q, J = 7.3 Hz, 1H), 3.94 (q, J = 7.0 Hz, 1H), 3.33-3.14 (m, 3H), 2.97 (q, J = 6.4 

Hz, 2H), 1.68 (m, 1H), 1.56 (m, 1H), 1.26 (m, 2H). ESI-FTMS [M + 2H]2+ calculated: 514.2785, 

found: 514.2779, [M + 3H]3+ calculated: 343.1882, found: 343.1883.  

 

4: Cyclo(WWWRRR). Purification gradient: 15-75% buffer B over 60 min, RT = 18 min (33% 

buffer B). Yield: 46.7 mg (30.0 %) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 10.80 (d, J = 

1.9 Hz, 1H), 10.78 (d, J = 1.6 Hz, 1H), 10.74 (d, J = 1.6 Hz, 1H), 8.31 (d, J = 6.5 Hz, 1H), 8.21 

(d, J = 6.5 Hz, 1H), 8.15 (d, J = 6.6 Hz, 1H), 8.07 (d, J = 6.9 Hz, 1H), 8.02 (d, J = 7.6 Hz, 1H), 7.94 

(d, J = 6.8 Hz, 1H), 7.61 (t, J = 5.4 Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.53-7.47 (m, 4H), 7.36-7.33 

(m, 4H), 7.09-7.05 (m, 6H), 7.02-7.01 (m, 2H), 6.99-6.94 (m, 6H), 4.31-4.24 (m, 3H), 4.08 (q, J = 

7.4 Hz, 1H), 4.01-3.91 (m, 2H), 3.30-3.25 (m, 2H), 3.12-3.10 (m, 9H), 2.99 (q, J = 6.6 Hz, 4H), 

1.85 (m, 2H), 1.71 (m, 3H), 1.54 (m, 3H), 1.39 (m, 3H), 1.24 (m, 1H). ESI-FTMS [M + H]+ 

calculated: 1027.5419, found: 1027.5473, [M + 2H]2+ calculated: 514.2785, found: 514.2770, [M 

+ 3H]3+ calculated: 343.1882, found: 343.1872.   
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Table S5. Comparison of 3JHNHA coupling constants for peptide 1 in water extracted by averaging 

of 21 (left column) or 200 (middle column) structures from MD-based conformational ensemble 

and the experimental values (right column).  

21 structures 200 structures Experimental 

6.44 6.46 7.00 

3.82 4.02 6.90 

6.71 6.65 6.20 

8.79 8.72 5.70 

6.61 6.67 7.50 

8.74 8.99 6.20 

 

 

 

Interpretation of Low-Frequency IR Bands in the Amide I Region  

of Peptides 3 and 4 
 

The experimental IR absorption spectra of arginine-containing peptides 3 and 4 have a complex 

broad band with a maximum at 1610 cm-1 in the amide I region that is not present in the spectra of 

peptides 1 and 2 containing Lys. As shown by a DFT (Density Functional Theory) calculation of 

the dominating CREST conformer in D2O, this band originates in the stretching vibrations of the 

C-N bonds of the guanidino group on the Arg side chains (Figure S1). The frequencies of these 

modes are summarized in Table S1. Each of the three Arg side chains contributes with two modes: 

one slightly higher in frequency resulting in the bands at 1646 cm-1 and 1633 cm-1 for peptide 3 

and 4, respectively, and one slightly lower in frequency resulting in the bands at 1599 cm-1 and 

1603 cm--1 for peptide 3 and 4, respectively.  

 



 
Figure S1. Illustration of C-N stretching vibrational modes in the Arg side chain resulting in the 

IR bands at 1610 cm-1 for peptide 4. Similar C-H stretches are observed for all Arg side chains in 

peptide 4 and for peptide 3.  

 
Table S6. Calculated frequencies for the C-N stretches on the three Arg side chains of peptide 3 

and 4 and their corresponding bands in experimental IR spectra.  

 Peptide 3 Peptide 4 

 Resulting IR band Individual mode Resulting IR band Individual mode 

Arg 1 

1646 cm-1 

1648 cm-1 

1633 cm-1 

1637 cm-1 

Arg 2 1639 cm-1 1632 cm-1 

Arg 3 1631 cm-1 1622 cm-1 

     

Arg 1 

1599 cm-1 

1598 cm-1 

1603 cm-1 

1596 cm-1 

Arg 2 1591 cm-1 1606 cm-1 

Arg 3 1602 cm-1 1601 cm-1 



 

Table S7. g-factors for experimental IR and VCD spectra of peptides 1 – 4 measured in D2O. The 

values of g-factor were calculated as ∆A/A, where ∆A is the amplitude of a VCD couplet and A is 

the absorption intensity of the corresponding IR band.  

 Peptide 1 Peptide 2 Peptide 3 Peptide 4 

g-factor 5.54×10-5 4.96×10-5 5.52×10-5 5.42×10-5 

 

 

 
Figure S2. Backbone structures for dominating conformers of peptides 1 – 4 calculated by CREST. 

The dominating conformer of peptide 1 adopts a β- and a γ-turn, while the dominating conformer 



of peptide 2 adopts two β-turns and one γ-turn. For peptide 3, the dominating conformer adopts 

three γ-turns while for peptide 4 the dominating conformer adopts an α-turn. 

 

 

 
Figure S3. Convergence of the calculated IR absorption and VCD spectra on the number of 

averaged MD snapshots for peptide 1 in D2O. Two ways of analysis are used: left: root-mean-

square deviation (RMSD) of consecutive averages from a total average; right: variances Cn 

calculated as: 𝐶𝐶𝑛𝑛 = ∫|𝑓𝑓𝑛𝑛−𝑓𝑓𝑛𝑛−1|𝑑𝑑𝑑𝑑
∫|𝑓𝑓𝑛𝑛|𝑑𝑑𝑑𝑑

, where the cumulative spectra are 𝑓𝑓𝑛𝑛 = 1
𝑛𝑛
∑ 𝑆𝑆𝑖𝑖𝑛𝑛
𝑖𝑖=1 (𝜔𝜔); 𝑆𝑆𝑖𝑖(𝜔𝜔) is 

VCD intensity of the 𝑖𝑖𝑡𝑡ℎ spectrum at wavenumber 𝜔𝜔.  

 

 



 
Figure S4. Structure of one of the CREST conformers for peptide 1 in water. It contains 6 turns in 

its backbone (3 γcl and 3 γinv), which makes it surprisingly symmetric. This particular conformer 

has a lower Boltzmann weight in the final spectra (5.2 %).  

 

 

 

 

 

 

 



 
Figure S5. Convergence of the calculated IR absorption and VCD spectra on the number of 

averaged MD snapshots for peptide 1 in DMSO. Two ways of analysis are used: left: root-mean-

square deviation (RMSD) of consecutive averages from a total average; right: variances Cn 

calculated as: 𝐶𝐶𝑛𝑛 = ∫|𝑓𝑓𝑛𝑛−𝑓𝑓𝑛𝑛−1|𝑑𝑑𝑑𝑑
∫|𝑓𝑓𝑛𝑛|𝑑𝑑𝑑𝑑

, where the cumulative spectra are 𝑓𝑓𝑛𝑛 = 1
𝑛𝑛
∑ 𝑆𝑆𝑖𝑖𝑛𝑛
𝑖𝑖=1 (𝜔𝜔); 𝑆𝑆𝑖𝑖(𝜔𝜔) is 

VCD intensity of the 𝑖𝑖𝑡𝑡ℎ spectrum at wavenumber 𝜔𝜔.  
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Figure S6. Comparison of experimental chemical shifts (ppm) and calculated chemical shifts for 

MD-based conformational ensemble in water. We compare either the chemical shifts for full 

peptide (A and C panel) or only for the backbone (B and D panel). 1H (A and B panel) and 13C (C 

and D panel) are shown.  

 



 

Figure S7. Comparison of experimental chemical shifts (ppm) and calculated chemical shifts for 

MD-based conformational ensemble in DMSO. We compare either the chemical shifts for full 

peptide (A and C panel) or only for the backbone (B and D panel). 1H (A and B panel) and 13C (C 

and D panel) are shown.  

 



 

Figure S8. Comparison of experimental chemical shifts (ppm) and calculated chemical shifts for 

CREST-based conformational ensemble in water. We compare either the chemical shifts for full 

peptide (A and C panel) or only for the backbone (B and D panel). 1H (A and B panel) and 13C (C 

and D panel) are shown.  

 



 

Figure S9. Comparison of experimental chemical shifts (ppm) and calculated chemical shifts for 

CREST-based conformational ensemble in DMSO. We compare either the chemical shifts for full 

peptide (A and C panel) or only for the backbone (B and D panel). 1H (A and B panel) and 13C (C 

and D panel) are shown.  

 

 

Table S11. Mean absolute error for the comparison of experimental and calculated chemical shifts 

of c(WKWKWK).  

Mean Absolute Error for Comparison of Experimental and Calculated 
Chemical Shifts of c(WKWKWK) 

Solvent Spectrum 
Full Peptide Backbone Only 

CREST MD CREST MD 

water 
1H 2.468 0.862 2.539 0.530 
13C 14.875 8.108 15.812 7.758 

DMSO 
1H 0.756 0.536 0.605 0.478 
13C 7.026 6.291 7.972 6.293 



 

Table S12. Q-factors obtained by comparing the experimental and calculated RDCs and RCSAs  

of the investigated cyclohexapeptides in water.  

Q-factors from RDCs and RCSAs in Water 
Peptide MD CREST 

c(WWWKKK) 0.971 0.965 

c(WKWKWK) 0.990 0.996 

c(WWWRRR) 0.991 0.992 

c(WRWRWR) 0.964 0.985 
 

 

 

 
Figure S10. Overview of the theoretical 3JHNHA coupling constants from all 200 structures in the 

MD conformational ensemble separated to individual amino acids.  

 

 

 

 

 

 

 



Table S13. Mean absolute errors from comparing the calculated and experimental 3JHNHA coupling 

constants for the investigated cyclic hexapeptides in water and DMSO.  

Peptide 
Water DMSO 

CREST MD CREST MD 

c(WWWKKK) 1.33 1.78 0.92 1.55 

c(WKWKWK) 1.65 1.27 1.54 0.56 

c(WWWRRR) 2.05 1.25 1.60 0.69 

c(WRWRWR) 1.44 2.01 1.20 0.73 
 

 

Table S14. 3JHNHA coupling constants for investigated cyclic hexapeptides in water and DMSO.  

Residue 
# 

Water DMSO 

Peptide 
1 

Peptide 
2 

Peptide 
3 

Peptide 
4 

Peptide 
1 

Peptide 
2 

Peptide 
3 

Peptide 
4 

1 7.01 7.1 7.91 6.2 6.5 7.1 8.3 7.6 

2 6.91 6.22 5.42 5.8 7.1 6.9 7.4 6.7 

3 6.22 7.1 5.12 6.2 8.21 7.1 7.1 7.6 

4 5.71 6.22 6.2 5.8 6.81 6.9 7.2 6.7 

5 7.5 7.1 7.6 6.2 7.6 7.1 7.9 7.6 

6 6.2 6.22 6.21 5.8 5.9 6.9 7.3 6.7 
1  lineshape fitted from a high resolution and zero filled 15N-HSQC F2 slice 

2  lineshape fitted from an unresolved doublet 

 

 

Table S15. Theoretical 3JHNHA coupling constants for investigated cyclic hexapeptides in water, 

extracted by Pardi (1990) built-in module in MSpin.  

Residue 
# 

c(WWWKKK) c(WKWKWK) c(WWWRRR) c(WRWRWR) 

CREST MD CREST MD CREST MD CREST MD 

1 7.77 6.44 5.54 8.19 7.80 7.11 6.81 8.42 

2 5.72 3.82 9.41 5.33 8.60 6.09 7.03 7.89 

3 4.55 6.71 6.38 7.23 8.24 6.78 3.49 9.33 

4 8.96 8.79 8.59 8.50 7.80 7.25 8.50 7.30 



5 6.57 6.61 6.77 6.33 6.57 5.69 6.81 6.70 

6 6.38 8.74 4.53 8.65 9.45 7.59 6.59 8.43 
 

 

Table S16. Theoretical 3JHNHA coupling constants for investigated cyclic hexapeptides in DMSO, 

extracted by Pardi (1990) built-in module in MSpin.  

Residue 
# 

c(WWWKKK) c(WKWKWK) c(WWWRRR) c(WRWRWR) 

CREST MD CREST MD CREST MD CREST MD 

1 6.76 6.63 5.56 6.90 2.96 8.14 6.71 7.27 

2 6.88 6.10 4.99 6.88 9.23 6.25 5.44 6.48 

3 9.50 6.64 8.76 7.21 7.49 6.71 8.40 7.03 

4 8.52 7.88 5.91 7.12 6.81 6.86 6.34 8.85 

5 6.44 4.81 4.88 5.69 8.59 9.21 6.14 6.50 

6 5.06 8.63 7.83 8.28 6.31 6.50 9.14 6.66 
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Abstract 

Cationic, antimicrobial peptides (AMPs) are abundantly present in nature as host-defensive 

peptides, forming the backbone of the natural defence of many organisms. Their primary 

interaction with bacterial membranes is thought to be a binding to the outer layer, followed by 

a disruption of the lipid membrane. Investigating the mode-of-action of AMPs is an ever-

growing field, where a plethora of different biophysical experiments are used to investigate this. 

Here, we explore the experimental limitation in NMR spectroscopy as we migrate towards 

increasingly realistic but larger membrane model systems with the aim to scout which data we 

could realistically extract from AMPs interacting with self-aligning nanodiscs.  

A set of cyclic hexapeptides were used as model compounds, in water, DMSO, and SDS 

micelles. The quality of isotropic and anisotropic NMR parameters decreased as the result of 

faster relaxation due to size and dynamics, as well as the need for water suppression and buffer 

salts. Chemical shifts, scalar couplings, NOE derived distances, and simulated annealing 

suggested that the backbone conformation of both peptides remained mostly rigid, forming two 
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β-turns, while the sidechains remain flexible in all environments. The difference between Lys 

or Arg did not change the backbone conformation, even though the two peptides have different 

MIC concentrations, indicating that amino acid composition is more important than 

conformation for antimicrobial activity. Theoretical structures in an explicit lipid bilayer were 

simulated showing similar structures. 

Pilot experiments on SMA-QA nanodiscs indicated that they are viable as membrane model for 

investigating the interaction between AMPs and lipid membranes. It was shown that signal can 

be obtained from bound peptide, but further investigations with isotopically labelled peptides 

are needed to extract relevant structural data under conditions where the nanodisc is not over-

saturated by peptides.  

 

Introduction 

Antimicrobial peptides are a part of our innate and non-adoptive immune system, and serve as 

the first line of defence versus a variety of organisms.1 In this class, cationic antimicrobial 

peptides are over-represented and have been found to possess a broad spectrum of activity 

against bacteria, fungi, protozoa, enveloped viruses, malignant cells and parasites.2, 3 

Antimicrobial peptides make up a group of diverse molecules ranging from approximately 10 

to 100 amino acids, having a net positive charge, often along with an amphipathic structure.4 

Despite their similar overall physical properties little sequence homology is observed.5 

In the light of the emerging antimicrobial resistance crisis, where our existing arsenal of 

antibiotics is becoming less and less efficient, the importance of potential new classes of 

antibiotics cannot be emphasised enough. An interesting feature of this class of peptides is that 

they physically destabilise cellular membranes with a preference for prokaryotic organisms, 

through a general mechanism (like for example Daptomycin,6 Nisin,7-12 and Colistin13-15) 

instead of a well-defined bacterial target like most antibiotics on the market today (for example 

beta-lactams,16-20 tetracyclines,18 quinolines, and amphenicols21). Cationic, antimicrobial 

peptides (AMPs) have proven more resilient to bacterial resistance development,3 and although 

this view has been challenged,22 even if resistance development against AMPs merely comes 

at a higher fitness cost, they are still an attractive class of compounds for further optimisation 

into antibiotic leads.  
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Most of the AMPs reported in the literature are proposed to act directly on the bacterial outer 

membrane and through the formation of pores, toroidal pores or collapsing carpets, either by 

reducing the membrane integrity to the point that extensive leakage leads to cell death, or by 

depolarising the electric gradient necessary to power essential bacterial intracellular 

processes.12, 23-27 

There are several examples in the literature where AMPs change conformation and/or 

physicochemical properties when they come into contact with amphipathic environments like 

the bacterial cell surface, sometimes mimicked by micelles or liposomes in structural studies.28-

33 

Nuclear magnetic resonance (NMR) spectroscopy is an information-rich and versatile tool that 

is routinely used to extract structural information from molecules. Chemical shifts hold 

information about the local chemical environment.34 3JHH-coupling constants are used to 

investigate the dihedral angle between two protons, and yields much information about the 

backbone of peptides.35, 36 Secondary chemical shifts are a good probe for the overall structure 

of a peptide, being used to describe the secondary structure by comparison between 

experimentally obtained chemical shifts and random coil reference shifts.37-45 Nuclear 

Overhauser effect (NOE) derived distances show correlations through space, allowing for 

analysis of the 3D structure of molecules.46  

A technique that has gained more traction in the last few decades is anisotropy, where induced 

order is forced upon the sample, usually through a liquid crystal (LC) or a strain-induced 

alignment in a gel (SAG), allow for measurement of a global alignment tensor through residual 

dipolar coupling (RDC), residual chemical shift anisotropy (RCSA), and residual quadrupolar 

coupling (RQC).47-60 Using anisotropic parameters can be used to distinguish enantiomers or 

diastereomers.51, 58, 61-63 The anisotropic NMR parameters are dependent on an assembly of 

theoretical structures to distinguish between.60 

Theoretical conformations are generally generated in two different ways.64-67 The first involves 

an extensive conformational search by ab initio computations.  The resulting conformers are 

then geometry optimised, and corresponding structural information that can be used to compare 

to experimental data is calculated from the finalised structures. The second method involves 

using experimentally obtained data, such as NOE derived distances or J-coupling constants, as 

constraints in the calculations. Both methods have advantages and disadvantages but are usually 
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done with different intentions in mind: Simulating data that experimental data can be compared 

to in case of uncertainty, or creating conformers from the experimental data to get an idea of 

how the molecule behaves in different environments, or when binding to a ligand. 

In this work we aimed to explore which NMR parameters we could extract and how sensitive 

they are to the conformation in aqueous solution and in multiple model systems mimicking the 

bacterial surface. We have employed a test set of cyclic AMPs provided by an associated 

project68-70 to probe their conformation in water, DMSO, SDS, and nanodiscs. 

 

 

Figure 1. The chemical structures of peptides 1-4. 

 

Results 

Conformational analysis in aqueous solution 

The baseline conformations of peptides 1-4 in aqueous solvent as well as dmso has been briefly 

described in a previous work from our lab.70 The main characteristics of the peptides were that 
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they displayed relatively small conformational backbone variations as a function of their amino 

acids sequence. The measured NMR parameters, reproduced in Tables S1-S12 in the 

Supporting materials.   

The chemical shifts in aqueous buffer were compared to the chemical shifts in SDS micelles. 

Changes in the order of half a ppm were observed for multiple residues, and the general trend 

was that lysine containing peptides became more deshielded, while arginine containing peptides 

became more shielded in SDS compared to aqueous buffer (Table 1). Backbone amide changes 

like these are commonly dominated by the relation to the backbone carbonyl, which can be both 

shielding and deshielding, plus any changes in contributions from hydrogen bonds, where 

hydrogen bonds have a deshielding effect.  

 

Table 1. Chemical shifts of the amides of peptides 1-4 in water, DMSO and in SDS micelles. 

 c(WWWKKK) c(WWWRRR) 

 Water DMSO SDS Water DMSO SDS 

 1H (PPM) 15N (PPM) 1H 15N 1H 15N 1H 15N 1H 15N 1H 15N 

1 7.85 118.0 8.07 116.2 8.12 119.1 7.88 118.0 8.04 116.6 8.03 118.8 

2 7.33 119.0 7.94 117.0 7.91 116.7 7.42 119.0 7.96 117.2 7.40 127.06 

3 7.55 121.2 8.20 118.8 7.91 116.7 7.64 121.2 8.22 118.0 7.17 - 

4 7.84 120.8 8.21 116.7 7.81 120.2 7.94 120.2 8.32 116.90 7.71 120.81 

5 8.03 119.5 8.00 115.2 7.92 116.7 8.15 119.0 8.18 116.0 7.93 116.93 

6 7.77 119.4 8.03 116.6 7.22 117.7 7.87 119.5 8.11 116.5 7.29 117.44 

 c(WKWKWK) c(WRWRWR) 

 Water DMSO SDS Water DMSO SDS 

1 7.99 119.3 8.15 117.1 - - 8.07 119.4 8.15 116.8 7.31 - 

2 7.62 120.2 8.03 116.7 - - 7.65 120.0 8.11 116.9 7.19 - 

 

 

To visualise the significance of the amplitude of the chemical shift changes, TALOS+(N) was 

used to predict the phi/psi angles as well as the secondary structures implied by the changes in 

observed chemical shifts (Figure 1). It should be noted that TALOS is parametrised on large 
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well folded proteins and may have poor accuracy when applied to small cyclic peptides. 

Especially if the cyclisation pushes the peptide into normally less populated states. 

Nevertheless, it gives an indication as to what amplitude of chemical shift changes are 

associated with changes in secondary structure and the phi/psi dihedral angles. TALOS+(N) 

predicts significant changes in secondary structure between water and SDS for the arginine 

containing peptides (Figure 2). These predictions were however in poor agreement with the 

three state phi/psi distribution predictions in TALOS+(N) using the same input data (Figure S 

7 and Figure S 8), which warranted a more detailed investigation into their conformations in 

different environments by other NMR observables.  

 

 

Figure 2. Neural network secondary structure prediction in TALOS+(N) as fractions of alpha helix 

(blue), beta sheets (orange), and loop (grey) secondary structure types, proposing a higher degree of 

folded helix-like conformations in SDS compared to water for the arginine containing peptides. 
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The 3JHNHA scalar couplings provide information about the phi dihedral angle. In peptides and 

proteins, the most commonly populated angles are approximately -60 degrees for alpha helices 

and 310-helices corresponding to a J-coupling of ~4 Hz, and approximately -120-(-140) degrees 

for beta sheets corresponding to ~9 Hz.71 The measured couplings, presented in Table 2, did 

not suggest as much alpha helix (folded) character as the chemical shifts alone did in water for 

the three-state distribution model in TALOS+(N) (Figure 3). The peptides instead 

predominantly displayed couplings somewhere in between the average values of the common 

defined secondary structures, which would fit better with the direct secondary structure 

prediction in TALOS+(N) (Figure 2). The Ramachandran plot of the phi/psi low energy space 

does show that there is overlap between the alpha helix- and the beta sheet regions with regards 

to phi angle alone, allowing the full range from –140 to -60, so there is no contradiction between 

the measured intermediate size of the couplings and either alpha helices or beta sheets, 

including the more unusual left-handed helices.  It is also plausible that the small cyclic peptides 

maintain some flexibility in the cyclised form and display a time averaged coupling. There was 

a weak trend that peptides containing arginine displayed a slightly stronger preference for 

folded conformations (alpha helix like) than the lysine containing peptides did, as reflected by 

their average couplings being lower, and thus closer to 4 than to 9. The trend was also that 

several residues of the arginine containing peptides experienced 1-2 Hz changes in coupling 

constants when going from water to DMSO. This could indicate that a larger fraction of the 

time is spent in more extended beta sheet like conformations with phi angles in the -120 degrees 

range. The resolution was insufficient in SDS to allow of any line shape simulations to reliably 

extract the JHNHA coupling constants without making excessive assumptions about the line 

width of the exchangeable amide protons.  
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Table 2. 3JHNHA coupling constants for peptides 1-4 in water and DMSO. 

Resid Water DMSO 

 c(WWWKKK) c(WKWKWK) c(WWWRRR) c(WRWRWR) c(WWWKKK) c(WKWKWK) c(WWWRRR) c(WRWRWR) 

1 7.0# 7.1 7.9# 6.2 6.5 7.1 8.3 7.6 

2 6.9# 6.2* 5.4* 5.8 7.1 6.9 7.4 6.7 

3 6.2* 7.1 5.1* 6.2 8.2# 7.1 7.1 7.6 

4 5.7# 6.2* 6.2 5.8 6.8# 6.9 7.2 6.7 

5 7.5 7.1 7.6 6.2 7.6 7.1 7.9 7.6 

6 6.2 6.2* 6.2# 5.8 5.9 6.9 7.3 6.7 

# lineshape fitted from a high resolution and zero filled 15N-HSQC F2 slice 
* lineshape fitted from an unresolved doublet 

 

NOE build-up between two protons is inversely proportional to the distance between them to 

the power of six (r-6). For backbone structure, the most informative distances are those between 

HN-HN(n-1) which are ~2.8 Å in a helix and ~4.3 Å in a sheet, and HN-HA(n-1), which are 

~3.5 Å in a helix and ~2.2 Å in a sheet. We would thus expect very strong NOE correlations 

between HN and HA(n-1) in beta sheet like structures and between HN and HN(n-1) in alpha 

helix like structures. The measured NOE buildups, translated into distances using the two-

proton approximation with aromatic tryptophan crosspeaks as reference, are reported in Table 

3. The NOE distances indicated no major changes in conformation between water and DMSO 

for either peptide. If anything, a somewhat strengthened extended conformation in DMSO. 

However, in SDS there is a significant increase in HN-HA(n-1) distances for the arginine 

containing peptides, suggesting a change in secondary structure towards a more folded form 

than in water, which is again in agreement with the direct secondary structure prediction from 

TALOS+(N) (Figure 2). Note that distances for residues 3 and 4 for this peptide are ambiguous 

due to spectral overlap. 
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Table 3. HN-Hα(n-1) distances of peptides 1 and 4 in different environments from NOE buildup 

experiments, given in Å. *overlapping peaks. 

c(WWWKKK) 

 W1 W2 W3 K4 K5 K6 

Water 2.83 3.01 3.28 2.45 3.03 2.83 
DMSO 2.52 2.61 2.17* 2.17* 2.85 2.32 

SDS 2.58 - 3.11 4.65 3.15 3.25 

c(WWWRRR) 

 W1 W2 W3 R4 R5 R6 

Water 2.85 2.95 3.39 3.01 3.48 3.28 

DMSO 3.09 2.83 2.93 3.27 3.30 3.13 

SDS 3.50 4.17 - 4.08 4.00 4.50 

 

Conformational analysis by structure calculations 

Structure calculations were performed using X-PLOR, introducing different NMR-derived 

constraints in the different environments; water, DMSO and SDS. Initially, the structures were 

based entirely on NOE constraints. Subsequently, scalar coupling constraints were introduced, 

and finally test calculations adding TALOS derived phi/psi dihedral constraints were performed 

to evaluate their accuracy. The generated structures are presented in Figure 3, with the averaged 

structures found in the Supporting Information (Figure S 9). 
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Figure 3. Superimposed representations of the ten lowest energy conformations based on NOE 

constraints of (A) c(WWWKKK) in water; (C) c(WWWKKK) in DMSO; (E) c(WWWKKK) in SDS ; (B) 

c(WWWRRR) in water; (D) c(WWWRRR) in DMSO; c(WWWRRR) in SDS. 

 

Both peptides primarily adopt conformations consisting of two β-turns with the i+1 and i+2 

residues being the same amino acid. I.e., the turns occur between two Trps and two Lys/Arg. 

This is consistent with structures of similar cyclic hexapeptides reported in the literature.28, 72 

In DMSO and SDS additional conformations are more prevalent. While the coupling constants 

and NOEs suggests that changes in populations may very well occur when moving from water 

to SDS, we are at the same time getting significantly fewer experimental constraints in the latter, 

and therefore the additional conformations can also be the effect of less constrained simulations. 
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In either case, the constraints could be satisfied by multiple conformations. In some cases, the 

additional conformations are still two β-turns with the turns occurring between Trp and Lys/Arg 

residues resulting in the clustered residues running parallel to one another 

 

Table 4. Pairwise root mean square deviation (RMSD) calculated for the top-10 structures in different 

solvents to demonstrate the variance in the structure generation. NOE structures are those presented in 

Figure 3.  NOE – NOE constraints only. NOE + CC – NOEs and coupling constants as constraints. 

NOE + CC + Diheds – NOEs, coupling constants and TALOS predicted dihedral angles as constraints. 

 

 

 

  

(a) (b) 

 Water RMSD (Å) DMSO RMSD (Å) SDS RMSD (Å) 

 
NOE NOE + CC 

NOE + CC + 

Diheds 
NOE NOE + CC 

NOE + CC + 

Diheds 
NOE 

WWWKKK 0.18 +/- 0.06 0.17 +/- 0.06 0.05 +/- 0.02 0.98 +/- 0.29 0.75 +/- 0.33 1.49 +/- 0.61 1.31 +/- 0.41 

WWWRRR 0.11 +/- 0.00 0.03 +/- 0.00 0.02 +/- 0.00 0.38 +/- 0.00 0.58 +/- 0.00 0.65 +/- 0.00 0.18 +/- 0.00 
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(c) (d) 

  

(e) (f) 

Figure 4. Ramachandran plots of (a) cWWWRRR in water, (b) cWWWKKK in water, (c) cWWWRRR in 

DMSO, (d) cWWWKKK in DMSO, (e) cWWWRRR in SDS and (f) cWWWKKK in SDS. 

 

The introduction of the experimentally derived coupling constants as structural constraints 

alongside the NOEs during structure generation introduces a modest increase in the potential 

energy of the structures. However, when the TALOS predicted bond angles are subsequently 

added as a constraint, the potential energies are significantly higher. This effect is much more 

exaggerated in the DMSO-based structures, which is to be expected since the predictions are 

based on NMR data of proteins in aqueous conditions. It was therefore concluded that the three-
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state predictions of phi/psi angles in TALOS+(N) were not consistent with the other 

experimental observations and did not contribute positively to structure calculations.  

 

Figure 5. Potential energies of the 100 generated structures by the simulated annealing protocol in 

descending order using different constraints. NOE – NOE constraints only. NOE + CC – NOEs and 

coupling constants as constraints. NOE + CC + Diheds – NOEs, coupling constants and TALOS 

predicted dihedral angles as constraints. 

 

Molecular dynamics (MD) simulations in POPE/POPG membranes 

Theoretical MD trajectories of c(WWWRRR) and c(WWWKKK) were simulated in 

POPE/POPG membranes dissolved in a periodic box with explicit water, sodium and chloride 

ions to provide some insight into which conformations would be expected as we move towards 

increasingly realistic membrane models. The simulations revealed that the cyclic hexapeptides 

existed in an equilibrium between bound and free form, within the 260 ns simulation time of 

the trajectory, but the bound forms did not reveal any new conformational preferences. 

Representative structures of the two peptides inside the lipid bilayer are shown in Figure 6. 

Both peptides adopt a conformation with two beta turns, where the turn is between W1 and W2 

for c(WWWKKK) and between W3 and R4 for c(WWWRRR). The general structure agreed 

with the NMR-constrained structures in water, DMSO and SDS, that all produced double beta 

turn structures with the turns in different positions. It was therefore concluded that the 

surrounding media does not significantly affect the energy minimized conformations of these 
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cyclic hexapeptides but is more likely to affect solubility derived properties like self-

aggregation and the populations and/or dynamics between the low energy conformations. The 

conformations remained stable throughout the simulation, no transitions between 

conformations with the turns in different positions were observed. It is therefore possible that 

beta turns in different positions give rise to the two conformations in slow exchange observed 

in NMR for c(WWWRRR) (see Figure 6).  

 

 

(a) 
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(b) (c) 

Figure 6. (a) A representative snapshot of the interaction between c(WWWKKK) and the POPE/POPG 

bilayer followed by periodically sampled snapshots of the second half of the MD trajectories of (b) 

c(WWWRRR) and (c) c(WWWKKK).  

 

Slow conformational exchange of c(WWWRRR) 

The spectra of peptide c(WWWRRR) displayed one extra set of resonances for several protons 

and carbons of the peptide with weaker intensity (see Figure 7). Potential epimerisation during 

the peptide synthesis was ruled out because there were no additional peaks in analytical HPLC, 

and there was only one extra set, not multiple as you would expect from a random process 

affecting 6 amino acids. Mass Spectrometry further excluded chemical modification of the 

peptide. Also, self-aggregation was considered highly unlikely due to it being present in all 

studied solvents. The extra peaks intensities are approximately in a 1:2 ratio to the main peaks.  
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(a) (b) 

Figure 7. The 15N-HSQC (a) and the HSQC (b) spectra of the alpha region of c(WWWRRR) in DMSO 

displaying an extra set of resonances for the backbone NH and CA. 

 

When the temperature was increased from 25°C up to 65°C, several in-phase peaks with the 

same sign and the diagonal started to appear in ROESY spectra, indicating the presence of very 

slow exchange between two conformers separated by a high energy barrier (Figure 8).  

  

(a) (b) 

298 K

313 K

328 K

338 K

298 K

313 K

328 K

338 K
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(c) 

Figure 8. Expansions of ROESY spectra of c(WWWRRR) in DMSO with 300 ms mixing time at 

increasing temperatures, showing the HN region (a) and HA region (b), corresponding to the HSQCs 

in Figure 4. There are multiple crosspeaks in phase with the diagonal that build up with increasing 

temperature, showing that the peptide is in slow conformational exchange (c) The highest temperature 

is highlighted to show that crosspeaks connect the major (vertical lines) and minor (horizontal lines) 

conformations. The projections are given for the ROESY at 338 K, represented in red. 

 

The exchange is present in all studied solvents, in roughly the same populations. The 

temperature dependent buildup was only studied in DMSO, but there was no apparent lowering 

in energy barrier between the conformations in the different solvents as neither sample 

displayed any easily detectable exchange at room temperature between the subspecies. In SDS, 

especially the Tryptophan sidechains produce very broad peaks, as well as displaying multiple 

sets of chemical shifts.  

 

SMA-QA nanodiscs 

The polymer based SMA-QA nanodiscs have recently attracted attention for displaying self-

aligning properties in strong magnetic fields under certain conditions.73-76 The SMA-QA based 

nanodiscs were therefore suggested as a more realistic membrane model systems to extract 

conformational information from, compared to micelles. While traditional micelle model 

338 K



   

 

18 

 

systems provide excellent spectral quality, there is always the troubling fact that tensides are 

themselves very different entities compared to phospholipids, and they also behave very 

differently from phopholipids, self-assembling into small lipid droplets with a high curvature 

while the phospholipids prefer to form flatter bilayered structures.77-80 In addition, there is also 

the uncertainty whether these droplets maintain any of that droplet structure after interacting 

with moderately sized AMPs, or if they partially or completely disassemble in contact with the 

AMP and rather solvate the AMP with dispersed lipids interacting in favourable positions 

across the AMP. It would therefore be highly attractive to access any structural information 

from any phospholipid-based model system that is stabilised by a scaffold to give resilience 

against complete disruption by small membrane active compounds.  

There are examples in the literature of membrane protein structures being studied in lipid 

nanodiscs aligned using virus filaments.81 In the case of the AMPs studied herein however, 

there are direct interactions between virus filaments and the AMPs, making this approach 

difficult. The boundary conditions for using SMA-QA nanodiscs in combination with our set 

of AMPs was therefore explored to probe if conformational studies using isotope labelled 

peptides could be economically- and practically feasible. In addition to the challenges with 

concentration, solubility and nanodisc production, the system we were exploring was not a well-

defined solubilised protein produced and isolated in 1 to 1 ratio with the nanodisc, but rather an 

unspecific interaction being gradually added to an already assembled disc.  

The original paper describing the assembly and purification of the SMA-QA nanodiscs describe 

one of the strengths of the nanodiscs to be their very exact size-tuneability.74 By mixing SMA-

QA:lipid at ratios of 1.5:1, 1:1, or 0.25:1 nanodiscs can be assembled with a diameter of 10, 20, 

or 30 nm, respectively. The size control was first reproduced by mixing the same ratios of SMA-

QA polymer and DMPC or DMPC with 5% DMPG. The nanodiscs separated in size exclusion 

chromatography (SEC) as a distribution of sizes around the target size. Nanodiscs of ~30 nm 

had a retention time of approximately 50 minutes, ~20 nm and ~10 nm discs had retention times 

of approximately 70 minutes, and SMA-QA of approximately 115 minutes. The nanodiscs and 

polymer were detected by UV absorbance at wavelengths 254 and 280 nm, and the polymer 

was detected by a distinct dip in conductivity (See Figure S 4-Figure S 6 in supporting 

information). When assembling the nanodiscs, several batches were made in parallel. Large 

unilamellar vesicles were prepared as 1 mL 20 mM samples in Eppendorf tubes, and they were 

incubated with SMA-QA from a stock solution. Normally, 2-4 samples were prepared 

simultaneously, and purified the next day. It was noticed that even when the parallel batches 



   

 

19 

 

were prepared identically, there were small changes in the retention times and line widths of 

the elution spectra, and dynamic light scattering spectra showed that the purified discs could 

range widely in structure, for example from 15 to 30 nm from the intended 20 nm. Therefore, 

it was concluded that the SMA-QA:lipid ratios to yield specific sizes are guidelines and that 

every batch needs to be thoroughly characterised. 

Ravula et al. showed how the alignment of SMA-QA nanodiscs are dependent on lipid 

concentration.76 Therefore, the sample collection area was set to approximately 60% of the 

centre part of the SEC peak, attempting to exclude the tails where the size deviation is the 

largest. The collected sample was then concentrated to about half the starting volume and the 

lipid concentration was determined by 31P NMR. The amount of lipids per disc was estimated 

from the diameter found by DLS at 30°C, the reference area of the DMPC lipid head group,82-

84  and the width of the SMA polymer.85 To the best of our knowledge, the width of the SMA-

QA polymer has not been reported, hence the width of the SMA polymer was used in the 

calculations. 

SMA-QA nanodiscs have been reported to self-align at higher temperatures,76 and it could be 

confirmed that a deuterium splitting was indeed observable above 305 K, reaching a maximum 

around 310 K (Figure 9). This conveniently coincides with the body temperature, which could 

be useful for the studies of interactions relevant for an in vivo environment. The size of the 

splitting is also dependent on the size of the nanodisc. 
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The SMA-QA self-alignment also has a concentration and size 

dependence, and the deuterium doublet quickly collapses when 

dropping below 115 mM lipid concentration for the shown ~20 nm 

diameter nanodisc preparation (Figure 10). It was therefore important 

to ensure that any titration assay did not cause effective dilution of the 

nanodisc concentration, which can be achieved by adding nanodiscs to 

the peptide stock, or to assemble the SMA-QA nanodiscs with the 

AMPs together with the lipids already at the initial nanodisc assembly. 

Neither of these methods would be unproblematic for membrane active 

compounds like AMPs but would appear necessary to study 

interactions with SMA-QA nanodiscs. 

It was also observed that the diameter of the sample tube affected the 

degree of alignment (Figure 10). The splitting collapses at higher 

concentrations in a 3 mm NMR tube compared to a 5 mm NMR tube, 

suggesting that the phase of the nanodisc alignment is directly affected 

by the physical boundaries imposed by the glass walls.  

A titration was performed, gradually adding AMPs to a solution of 

SMA-QA nanodiscs, recording the 1H NMR spectra (Figure 11). 

Below a 100:1 ratio of AMP per disc, there is virtually no detectable 

signal arising from the peptides. We interpret this as that the lipid 

system is being saturated between 100 and 500 AMP:disc ratio 

(between 20 and 4 lipids per peptide molecule), and at that point the 

relatively sharp signals from the unbound peptides are detected. It was 

also concluded that we have an unknown rate of exchange between the bound and the free forms 

in this system, leading to some but not extensive line broadening of the detectable signals at the 

extremely high peptide:lipid ratios. The efficiency of signal attenuation all the way up to 

peptide:lipid ratios in the 100-500 range does however suggest either a very significant kex rate 

for efficient time sharing of the high correlation time of the nanodisc complex, or an extremely 

high binding capacity of the nanodisc constructs themselves, likely through self-aggregation 

mechanisms on the lipid surface. In addition, the chemical shift and the line width of the bound 

state is unknown, further complicating any estimates. We do not expect direct interactions 

between the cationic peptides and the cationic polymer to contribute to the apparent KD of the 

complex.  

Figure 9. Increase of 

deuterium signal 

splitting in a 5 mm 

NMR tube with 

increased 

temperature. The 

concentration is 

6.88 mM lipid in 

30.57±12.72 nm 

SMA-QA DMPC 

nanodiscs. 
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Figure 10. Loss of deuterium signal splitting by dilution in different conditions. (left) Dilution in a 5 mm 

NMR tube; (middle) dilution in a 3 mm NMR tube; (right) dilution by adding the cyclic tetrapeptide 

c(WKWKWK) in a 3 mm NMR tube. All NMR spectra were collected at 313 K, the concentrations are 

lipid concentration, and the size of the SMA-QA DMPC nanodiscs are 20.79±11.14 nm. The dilution in 

both 3 mm tubes were done by the same volumes, to compare the loss of signal splitting with and without 

peptide. The dilutions were done with a 90/10 H2O/D2O mixture. 
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Figure 11. 1D 1H spectra of 30.57±12.72 nm SMA-QA DMPC nanodisc with increasing amounts of 

cyclic hexapeptide c(WWWKKK). Ratios given are peptides per disc, and the disc is estimated to contain 

~2000 lipid molecules. Top spectrum is the full spectrum (no peaks outside borders), while bottom 

spectrum is the range highlighted in red. 

 

Conclusion 
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The cyclic AMPs studied in this work did not exhibit any significant conformational changes 

in different environments, ranging from water to micelles and phospholipid bilayers. From a 

method development perspective, the amount of high qualitative structural data that can be 

extracted rapidly diminish as the lipid model system gets more realistic and inevitably larger 

and more heterogenic. From phospholipid-based model systems like nanodiscs or liposomes 

we only expect to be able to extract chemical shifts, RDCs and RCSAs, where the latter requires 

partial alignment. This is complicated by the fact that AMPs are membrane active and are 

notorious for interfering with both phages and lipid systems in general. Initial results from 

SMA-QA nanodiscs in the presence of the studied AMPs however indicated that the integrity 

of the discs was not compromised by the AMP activity. That said, we did observe a decrease in 

alignment in the presence of AMPs, which will have to be considered.  

The pilot experiments to explore the viability of using self-aligning SMA-QA nanodiscs as a 

model system suggests that there is a potentially viable concentration interval above the 

detection limit of 15N-TROSY for 15N labelled peptides, but at a healthily low peptide:lipid 

ratio. Because the model peptides provided for this work turned out to be conformationally 

featureless, investing in isotope labelling could not be justified and was thus deemed outside 

the scope of this work. At this point we conclude that the pilot study finds it viable to use self-

aligning SMA-QA nanodiscs for conformational studies of small AMPs, but also that there are 

several difficulties associated with unordered interactions, exchange processes and saturation. 

The discs themselves need to be more thoroughly studied to map their behaviour and capacity 

under different conditions.  

 

Experimental Section 

NMR spectroscopy.  

The synthesis of the peptides has been described previously.68 c(WWWKKK), c(WKWKWK), 

c(WWWRRR), and c(WRWRWR) were dissolved in D2O/H2O 90:10 or pure d-DMSO (130 

μL in 3 mm NMR tube, 600 μL in 5 mm NMR tube, or 120 μL in Shigemi tube; final sample 

concentration 2.5 mM). To obtain sample of SDS-micelle bound peptide (25 mM SDSd-25) a 

stock solution of SDS was added.28 
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NMR spectra were acquired on a Bruker Avance III HD spectrometer operating at 600 MHz 

for 1H, equipped with an inverse TCl cryo probe. All NMR spectra were acquired at 298 K 

using 5 mm tubes, except c(WWWRRR) in d-DMSO, which was acquired using a 3 mm 

Shigemi tube because of the limited amount of material. NOESY/ROESY, TOCSY, DQF-

COSY, 15N-HSQC, HSQC, HMBC, and H2BC NMR spectra were recorded with standard 

settings. NOESY and TOCSY spectra were recorded in water with mixing times of 100–400 

ms and 80 ms, respectively. ROESY spectra were recorded in d-DMSO and SDSd-25 in water 

with mixing times of 25–200 ms. 

Spectra were processed with TopSpin 3.6.0, and assignments were done manually. 

NOE Buildup 

The NOESY/ROESY spectra were imported into the Dynamics Center 2.8.3 NOE buildup 

toolbox under Method Center. Peaks were manually picked for their integrals and the buildup 

curves was reported in .pdf while the integrals were exported in .xlsx. The most isolated cross 

peak for the ortho aromatic protons on the Tryptophan furthest away from the diagonal was 

chosen as the internal reference at 2.46 Å distance.34 All the cross peaks were registered, and 

the distances were given at the mixing time that had overall least outliers while being in the 

linear buildup phase, according to the .pdf file. Normally, 50 or 75 ms. 

Structure calculation 

Structure generation was performed with a standard simulated annealing (SA) protocol using 

X-PLOR 3.1 (NIH). An initial 25 structures were generated from which an average structure of 

the 10 lowest energy structures was produced as a starting point for a final SA round of 100 

structures from which the top 10 lowest energy structures were selected. In all cases NOE 

derived distance constraints were used. The production protocol was repeated additionally with 

the inclusion of the experimentally derived coupling constants, as well as with the coupling 

constants and TALOS predicted dihedral angles. 
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Table 5. Summary of constraints used for structure generation. 

 WWWKKK WWWRRR 

 Water DMSO SDS Water DMSO SDS 

Intra-residue NOEs 34 10 31 25 25 17 

Inter-residue NOEs 17 8 13 6 17 17 

Of which are backbone 3 6 1 2 4 6 

Ambiguous NOEs 31 60 32 36 63 25 

Unassigned 17 47 51 25 24 6 

 

The distances extracted from the NOE buildup were used as starting point for constructing the 

distance constraints for SA, with larger distances having more relaxed constraints using the first 

significant figure of the distance as a prompt, and up to the Van der Waals distance allowable. 

Constraints were optimised to relax any distance violations that arose during SA. This was done 

using the previously described SA protocol but with 10 structures and 25 structures generated 

in the initial and final SA steps. 

Molecular dynamics calculations 

The structures, c(WWWRRR) and c(WWWKKK), were constructed in Maestro (Schrödinger 

Release 2021–4: Maestro, Schrödinger, LLC, New York, NY, 2021), before TIP3P model water 

was added, and the topology and parameters was generated using CHARMM-GUI86-88 

solvation builder. The NAMD89 software was used for simulations, with the systems being 

equilibrated in a periodic boundary box under NPT conditions up to 310K before the they were 

simulated for 100 ns under NVT conditions in 310K in water with 2fs simulation step. The 

geometry of the water was constrained used the SHAKE method and for pressure e control the 

Langevin piston method at 1atm with an oscillation period of 50fs and dampening scale of 25fs. 

Langevin dynamics was also used to control temperature at 310K with a dampening coefficient 

at 1ps-1, for long range electrostatic effects PME was used. New conformations were then found 

by calculating the RMSD value for each frame saved from the simulations and keeping the ones 

that had a difference higher than 2Å2. Calculating relative energies based on each conformation 

resulted then in the final conformation which were used in the simulation with the membrane 

models, one for each of the cyclic peptides.  
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Two membrane models were investigated, the first consisting of a DMPG/DMPC lipid 

combination and the second model consisting of POPG/POPE lipids. The first model consists 

of 336 lipids, 319 DMPC lipids and 17 DMPG lipids, and the second consists of 170 lipids, 128 

POPE lipids and 42 POPG lipids and they were both pre-equilibrated systems, the first by 

Sarre,90 and the second by Hong.91 Both membrane systems had NaCl ions added to both 

neutralize the membrane as well as ending up with a concentration of 0.15M in the solution 

itself before TIP3P water was added as additional solution around the system using VMD.92  

 

As both the membranes and the cyclic peptides were already equilibrated, the equilibration was 

mainly focused on the water. This was done using NVT conditions with the peptide and 

membrane constrained before a general system equilibration in NPT conditions was conducted. 

The production simulations were in NPT conditions for 260ns with 2fs simulation step as well 

as the SHAKE method for the water and the previously explained method for temperature and 

pressure control. 

 

Synthesis of SMA-QA 

Following the procedure of Ravula et al.,68, 74 (2-aminoethyl)trimethylammonium chloride 

hydrochloride (9.38 mmol, 1.3 g) was added to a solution of styrene maleic acid anhydride 

(SMA, 1g) in anhydrous DMF (5 mL), followed by trimethylamine (56.7 mmol, 5 mL) upon 

which the mixture took a dark yellow colour. The reaction mixture was stirred at 70oC for 2 

hours, then cooled to room temperature, and precipitated with diethyl ether. The precipitate was 

washed 3 times with diethyl ether and dried in vacuo. The dried intermediate was dissolved in 

acetic anhydride (317 mmol, 30 mL), to which sodium acetate (8.05 mmol, 660 mg) and triethyl 

amine (1.98 mmol, 200 mg) were added. The reaction mixture was stirred at 80oC for 12 hours, 

cooled down, and precipitated in ether. The precipitate was washed 3 times in ether and dried 

in vacuo. The product was then dissolved in water and passed through a Sephadex LH-20 

column. The product was collected and then lyophilised to give a crystalline brown powder and 

confirmed by IR stretching frequency shift from 1774 cm-1 to 1693 cm-1.  
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Self-aligning nanodisc preparation  

To a pear flask was added lipid (100 mg DMPC / 5.1 mg DMPG + 94.9 mg DMPC). Chloroform 

was added until all was dissolved. The solution was slowly evaporated on a rotavap at an angle 

for 1 hour to make a thin film. The film was then lyophilised overnight to get rid of trace 

amounts of chloroform. The film was diluted to a 20 mM solution by adding distilled water 

(7.15 mL). The solution was agitated with a pasteur pipette to make sure everything was 

dissolved and homogenous, then transferred to seven 1 mL eppendorf tubes. The tubes were 

freeze thawed three times by alternating between liquid nitrogen and hot water. The tubes were 

then stored in a freezer (-20OC) until needed. 

SMA-QA nanodiscs were prepared by adding a 100mg/mL SMA-QA stock to a final 

concentration depending on size goal (lipid:SMA-QA ratio of 1:1.5 for 10 nm discs; 1:1 for 20 

nm discs; 1:0.25 for 30 nm discs). The combined SMA-QA and lipid mixture was incubated 

over night at room temperature and purified by SEC (Superdex 200 Increase 200/16 GL column 

operated on an AKTA purifier (GE Healthcare, Freiburg, Germany)). Fractions containing 

nanodiscs were combined and upconcentrated using centrifugation filters. Total lipid 

concentration was determined by 31P NMR with 2 μL 5% Trymethyl Phosphate as internal 

reference. Nanodisc size was confirmed using a Malvern Zetasizer Nano ZS (Malvern 

Panalytical Ltd, Malvern, United Kingdom). The lipid/disc concentration was calculated 

according to equation (1). 

𝑙𝑖𝑝𝑖𝑑

𝑑𝑖𝑠𝑐
=

𝜋(𝑟𝐷𝑖𝑠𝑐−𝑟𝑆𝑀𝐴)
2

𝐴𝐿𝐻𝐺
     (1) 

where rDisc is half the measured diameter of the nanodisc at 30°C, rSMA is the width of the SMA 

polymer, and ALHG is the reference value of the DMPC lipid head group at 30°C. 
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Figure S 7. 3-state phi/psi distribution prediction of the secondary structure as alpha helix, beta sheet and 

positive phi type of conformations in TALOS+(N). This model suggests significant changes for the lysine 

containing peptides in SDS compared to water, with DMSO in between, which was not the case for the 

direct secondary structure prediction in Figure 2. 
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Figure S 8. Protein Backbone Torsion Angle Prediction in TALOS+(N), suggesting phi- and psi dihedral 

angles. 
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Figure S 9. Superimposed representations of average from the ten lowest energy conformations based on 

NOE constraints of c(WWWKKK) and c(WWWRRR) in water, DMSO, and SDS micelles. 
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