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Abstract 
 

The urgent need of new tools as alternative to classical antibiotics is presently 

mandatory, particularly with new mechanisms of action, due to the worldwide increase 

of resistant pathogens. As such, the search of intelligent materials, that form active 

species when in contact with bacterial membranes, has increased in the past years.  

Antimicrobial peptides (AMPs) are essential components of the innate immune 

response of a wide range of organisms. In recent decades they have been used as an 

alternative to conventional antibiotics since they act through a completely different 

mechanism. AMPs are currently considered as a new antibiotic paradigm, as they 

specifically target the bacterial membrane, being thus less prone to develop bacterial 

resistance, and present lower toxicity to normal cells.  

An alternative to the natural AMPs involves the use of D,L-α-cyclic peptides 

(D,L-α-CPs) with and even number of D- and L-α-amino acids, that alternate in the 

peptide’s sequence. Due to their robust cyclic nature and to the presence of D-amino 

acids they present higher resistance to proteases. Further, they tend to form the active 

species under some specific conditions, i.e., in the presence of membranes, adopting 

supramolecular structures, of which self-assembled cyclic peptide nanotubes (SCPNs) 

are the most common. A review of these type of peptides is here presented as 

publication I. 

Thereafter the D,L-α-CPs / membrane interactions is addressed through a 

combination of biophysical experimental techniques, in many cases in parallel with 

Molecular Dynamics simulation studies (MD). The work started by characterizing the 

membrane action of a first generation of D,L-α-CPs, one known for some years (CP1) 

and another modified using this as template, with improved solubility and reduced 

toxicity (CP2). Using the knowledge gathered, followed the synthesis and 

characterization of the membrane interactions of a second generation of peptides, 

based on CP2, with increased antimicrobial activity, keeping low toxicity (Arg or CPR, 

Arg-C10 or CPRT10 and CPRT14). The goal of this thesis is to understand the 

interactions at stake between these peptides and different lipid model membranes, to 

contribute to the understanding of their mechanism of action. 

 

In the first work (publication II), differential scanning calorimetry (DSC) and 

Attenuated Total Reflection Fourier-Transform Infrared spectroscopy (ATR-FTIR), 

together with Coarse Grained Molecular Dynamics simulations (CG-MD) were used, in 

order to characterize the first generation of D,L-α-CPs (CP1 and CP2) with different 
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model membranes of varying negative charges’ contents. DSC shows a strong 

interaction between both CPs and negatively charged membranes, although with 

differences in the strength of the interactions. When zwitterionic lipids are added to the 

model membrane, the extent of the interaction varied from segregation (for lower 

zwitterionic content) to mild and eventually no interactions for CP2 (for purely 

zwitterionic membranes). The peptides self-assembling at the membrane surface was 

accessed by ATR-FTIR, showing that the two peptides self-assemble mainly in the form 

of β-structures at the membrane surface. When ATR-FTIR was used together with 

polarized light the difference spectra showed that the peptides tend to lie mostly as 

nanotubes parallel to the membrane surface, but other forms and orientations are also 

present, depending on the peptide and lipid:peptide ratio. Finally, MD simulations 

confirmed the nanotube formation and orientation, as well as the dependence on 

membrane charge. 

 

The study of the new generation of peptides started by using ATR-FTIR to 

obtain structural information on two of these new peptide’s structures (here called ARG 

and ARG-C10) in solution and/or upon interaction with negatively charged membranes 

of DMPG (publication III). Both peptides were showed to adopt β-sheet type 

structures upon contact with both the ATR-FTIR surface and the membranes, but ARG-

C10, with a ten carbon tail attached to the cyclic peptide, also presented other 

structures, namely aggregated strands. The combination of polarized lens with ATR-

FTIR provides an important tool to study the orientation of peptides when interacting 

with lipid membranes. Our data reveals that the CPs lie mostly parallel to the 

membrane surface, as did the first generation of peptides.  

 

 Using a methodology similar to the one used in publication II, the interaction 

between the three peptides (CPR, CPRT10 and CPRT14) and lipid model membranes 

of different charge content were characterized by DSC, ATR-FTIR and CG-MD 

simulations (publication IV). DSC showed that the interaction is dependent on 

lipid:peptide ratio and on the negatively charge content of the membrane, indicating 

different mechanisms for the different peptides and lipid systems. By CG-MD we could 

observe different peptide self-assembled structures at the lipid surface, nanotubes and 

micellar aggregates, depending mainly on the presence of a hydrocarbon tail. ATR-

FTIR results showed again the presence of β-structures together with other aggregated 

structures, confirming the CG-MD the results. 

 



FCUP 
Abstract 

v 

 

 

 Different fluorescence spectroscopy techniques were also used to characterize 

the second-generation CPs’ partition to different lipid model membranes, using the 

tryptophan (Trp) present in all the CPs as intrinsic fluorescence probe. Our results 

showed that the partition is mainly driven by electrostatic interaction but is significantly 

improved in CPRT10 and CPRT14 due to the presence of the carbon tail in their 

structure, that adds an important hydrophobic component to the partition to 

membrane’s process. Peptide-induced membrane leakage was followed also by 

fluorescence, using an encapsulated fluorescent dye, carboxyfluorescein. These 

studies revealed that the peptides with hydrocarbon tail induce a fast leakage, that 

increases in most cases with peptide content, being almost complete for the highest 

concentration and pure PG membranes (publication V). 

 

 Small and Wide angle X-Ray Scattering (SAXS) and WAXS) were used to 

characterize the structural changes of lipid model membranes upon interaction with the 

peptides. Our results show that all the peptides studied interact differently with the 

evaluated membrane systems (DMPE e DMPE:DMPG (3:1)), revealing that all factors 

are important in the differentiation – the peptide, the lipid membrane composition, the 

lipid phase and the lipid:peptide molar ratio.  

When the peptides are added to the DMPE multilamellar system, only CP1 and 

CPRT14 changed the repeat distances, inducing the appearance of a second lamellar 

phase at temperature below Tm, in agreement with our previous findings that these are 

the only peptides that interact with DMPE. As regarding the interactions with the lipid 

membrane bacterial model, the results clearly show that CP1, CPRT10 and CPRT14 

induce much larger structural changes, in line with their proven antimicrobial activity 

(manuscript VI).  

 

Finally, a methodological work on isothermal titration calorimetry (ITC) is 

presented (publication VII). This work appears as complementary work, since it was 

performed in the beginning of this thesis, as part of my training in ITC, as this technique 

was planned to be used to characterize the partition of the peptides to lipid model 

membranes. Nevertheless, it was not yet possible to obtain good quality results with 

this technique, and thus they are not presented here. The presented ITC work is a 

small-scale ITC benchmarking study, using two well-known standard ligand-binding 

reactions (Ca2+ and Mg2+ binding to EDTA), to evaluate interlaboratory and intra-

laboratory basal levels of uncertainty, as well as possible instrument differences and 

the role of the chosen data treatment program. The various factors are extensively 
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analyzed, and the retrieved thermodynamic parameters, association constant, Ka, and 

binding enthalpy change, H, are provided and compared.  

 

 

 

Keywords: Bacterial model membranes, Antimicrobial peptides, D,L-α-cyclic peptides, 

Self-assembled cyclic peptide nanotubes, DSC, polarized ATR-FTIR, CG-MD, ITC, 

Steady-State Fluorescence, Time-Resolved Fluorescence, Leakage, Benchmark study 
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Resumo 
 

A necessidade urgente em desenvolver “ferramentas” novas e alternativas aos 

antibióticos clássicos, principalmente com novos mecanismos de ação, é hoje em dia 

uma prioridade, devido ao aumento de patógenos resistentes aos antibióticos 

clássicos. Esta situação levou à procura de materiais inteligentes, que formem 

espécies ativas em contato com membranas bacterianas, uma linha de investigação 

que tem vindo a aumentar nos últimos anos. 

Péptidos antimicrobianos são elementos essenciais da resposta imune inata 

em inúmeros organismos, e têm vindo a ser utilizados como ferramenta alternativa aos 

antibióticos convencionais, uma vez que apresentam mecanismos de atividade 

diferentes contra os agentes patógenos. Estes péptidos são denominados como um 

novo paradigma de antibiótico, dado que tendo como alvo a membrana bacteriana, 

são menos propensos a desenvolver resistência bacteriana, e apresentam menor 

toxicidade para as células eucariotas. 

Uma alternativa aos péptidos antimicrobianos naturais envolve o uso de 

péptidos cíclicos com ligação ao Carbono α, e formados por uma sequência alternada 

de aminoácidos D e L, D,L-α- (D,L-α-PCs). Devido à sua natureza cíclica robusta e à 

presença de aminoácidos D, estes péptidos apresentam maior resistência a protéases 

e tendem ainda a agregar em algumas condições específicas, como na presença de 

membranas, comummente sob a forma de nanotubos de péptidos cíclicos auto-

agregados (Self-assembled cyclic peptide nanotubes, SCPNs) (publicação I). 

As interações D,L-α-PCs / membrana foram aqui abordadas combinando 

diversas técnicas experimentais biofísicas, em alguns casos em paralelo com estudos 

de simulação por Dinâmica Molecular (MD). Começou-se por caracterizar a ação de 

membrana de D,L-α-PCs de primeira geração, um já referido na literatura (CP1) e 

outro modificado a partir deste, tendo-se obtido melhor solubilidade e reduzida 

toxicidade (CP2). Utilizando os conhecimentos adquiridos, procedeu-se à síntese e 

caracterização das interações com membranas de uma segunda geração de péptidos, 

tendo o CP2 como modelo. Esta nova geração apresentou atividade antimicrobiana 

muito mais elevada do que o péptido parental, CP2, mantendo uma baixa toxicidade 

(Arg ou CPR, Arg-C10 ou CPRT10 e CPRT14). Desta forma, esta dissertação tem 

como principal objetivo apresentar e compreender interações envolvidas entre os 

vários péptidos e diferentes membranas modelo lipídicas, com o intuito de 

compreender o(s) seu(s) possível(eis) mecanismo(s) de ação.  
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No primeiro trabalho (publicação II), foi usada a calorimetria diferencial de 

varrimento (DSC) e Reflexão Total Atenuada de Espectroscopia de infravermelho com 

transformada de Fourier (ATR-FTIR), em paralelo com simulações de dinâmica 

molecular em coarse-grained (CG-MD), com o intuito de caracterizar as interações dos 

D,L-α-PCs de primeira geração (CP1 e CP2) com diferentes membranas modelo de 

cargas superficial variável. Os resultados de DSC mostraram uma forte interação de 

ambos os D,L-α-PCs com as membranas carregadas negativamente, embora com 

diferenças na intensidade das interações. Com o aumento da percentagem de lípido 

zwitteriónico na membrana, a extensão da interação com as membranas variou, indo 

desde a segregação ou interação moderada (para conteúdo baixo ou moderado de 

lípido zwitteriónico) até à ausência de interações para o CP2 (nas membranas 

contendo apenas o lípido zwitteriónico). Por ATR-FTIR foi possível observar a auto-

agregação dos péptidos à superfície da membrana, verificando-se maioritariamente a 

presença de estruturas tipo folha β. ATR-FTIR com luz polarizada demonstrou que os 

péptidos tendem a ficar paralelos à superfície da membrana, mas outras formas e 

orientações estão também presentes, dependendo da estrutura do péptido e da razão 

lipído:péptido utilizada. Simulações de MD confirmaram a formação e orientação dos 

nanotubos, bem como a dependência na carga da membrana. 

 

A nova geração de péptidos (aqui denominados ARG e ARG-C10) foi 

inicialmente estudada por ATR-FTIR para obter informações sobre as estruturas 

peptídicas em solução e / ou durante a interação com membranas de DMPG (100% 

carga negativa) (publicação III). Ambos os péptidos adotam estruturas do tipo folha β 

quando em contato com a superfície do ATR-FTIR ou com as membranas. O ARG-

C10, com uma cauda de dez carbonos ligada à sua estrutura cíclica, apresentou 

também outro tipo de agregados. A combinação de luz polarizadas com a técnica de 

ATR-FTIR permitiu ainda verificar qual a orientação dos péptidos ao interagir com as 

membranas lipídicas, tendo-se verificado estes novos péptidos cíclicos ficam na sua 

grande maioria paralelos à superfície da membrana, tal como os péptidos da primeira 

geração. 

 

Usando uma metodologia semelhante à do primeiro trabalho (DSC, ATR-FTIR 

e CG-MD) a interação dos três péptidos de segunda geração (CPR, CPRT10 e 

CPRT14) foi estudada com diferentes membranas lipídicas modelo, com diferentes 

conteúdos de carga negativa (publicação IV). DSC demonstrou que a interação 

depende da razão lípido / péptido e do conteúdo de carga negativa da membrana, 
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indicando diferentes mecanismos para os diferentes péptidos e sistemas lipídicos. CG-

MD mostrou diferentes tipos de auto-agregação destes péptidos na presença das 

membranas, nomeadamente nanotubos e agregados micelares, dependendo a 

estrutura adotada da presença da cauda carbonada. Por ATR-FTIR confirmou-se 

ainda a presença de estruturas β e de alguns agregados, confirmando os resultados 

de CG-MD. 

 

Diferentes técnicas de espectroscopia de fluorescência foram usadas para 

caracterizar a partição dos D,L-α-PCs de segunda geração para  diferentes 

membranas modelo lipídicas, recorrendo à fluorescência intrínseca do triptofano 

presente em todos os D,L-α-PCs. Desta forma, demonstrou-se que a partição é 

principalmente regida pela interação eletrostática, sendo significativamente mais 

elevada no caso de CPRT10 e CPRT14 devido à presença da cauda carbonada 

nestes péptidos. A presença desta cauda confere um componente adicional ao 

processo de partição para a membrana, o efeito hidrofóbico. A rutura (Leakage) 

induzida pelo péptido nas membranas foi também seguido por fluorescência, usando 

neste caso um fluoróforo extrínseco, que foi encapsulado na membrana, a 

carboxifluoresceína. Estes estudos revelaram que os péptidos com cauda de carbono 

induzem uma rutura rápida, que aumenta na maioria dos casos com a concentração 

do péptido, sendo quase total para a maior concentração e membranas de PG 

(publicação V). 

 

A Difração de Raio-X aos pequenos (SAXS) e grandes (WAXS) ângulos foi 

usada para caracterizar as alterações estruturais das membranas modelo lipídicas na 

presença dos D,L-α-PCs. O nossos resultados mostram que os péptidos interagem de 

forma diferente com os dois sistemas lipídicos avaliados (DMPE e DMPE:DMPG 

(3:1)), mostrando que todos os fatores são importantes na diferenciação – o péptido, a 

composição da membrana lipídica e a razão lípido:péptido. 

Quando os péptidos são adicionados a membranas multilamelares de DMPE, 

só o CP1 e o CPRT14 alteram a distância de repetição (d), induzindo o aparecimento 

de uma segunda fase lamelar a temperaturas abaixo da temperatura de transição gel-

cristal líquido, Tm, em perfeito acordo com o que tínhamos verificado anteriormente por 

DSC, que só estes dois péptidos interagem com o DMPE. Em relação ao modelo 

membranar de membranas bacterianas aqui estudado, DMPE:DMPG (3:1), os 

resultados mostram claramente que CP1, CPRT10 e CPRT14 induzem alterações 

estruturais muito mais significativas, em perfeito acordo com a sua atividade 

antimicrobiana já reportada na literatura (manuscrito VI). 
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Por último, nesta dissertação é apresentado ainda um trabalho metodológico 

realizado por calorimetria por titulação isotérmica (ITC) (publicação VII). Este artigo 

surge como um trabalho complementar, tendo sido realizado no início to trabalho 

conducente a esta tese, com o intuito de me familiarizar com a técnica de ITC, que 

estava planeado vir a ser usada para caracterizar a partição destes péptidos para 

membranas modelo lipídicas. No entanto, não foi possível até ao momento obter 

resultados de boa qualidade estes sistemas usando esta técnica, e por isso não serão 

aqui apresentados. A publicação VII descreve um estudo de avaliação comparativa 

(benchmarking) de resultados de ITC, usando duas reações padrão bem 

caracterizadas (complexação de Ca2+ e Mg2+ com EDTA), de modo a avaliar e 

comparar níveis de incerteza inter- e intra-laboratoriais, assim como as diferenças 

relativas quer ao uso de diferentes instrumentos quer diferentes programa de análise 

para os mesmos dados. Os diferentes fatores são extensamente analisados, e os 

valores dos parâmetros termodinâmicos constante de associação, Ka, e variação de 

entalpia de complexação, H são reportados e comparados. 

 

 

 

Palavras Chave: Membranas Modelo Bacterianas, Péptidos Antimicrobianos, D,L-α-

péptidos cíclicos, Self-assembled cyclic peptide nanotubes, DSC, ATR-FTIR de luz 

polarizada, CG-MD, ITC, Fluorescência estática e resolvida no tempo, Leakage, 

Benchmark  
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AA   All-Atom 

AMPs    Antimicrobial peptides 

Arg, R   Arginine 

ATR-FTIR  Attenuated total reflectance Fourier-Transform Infrared 

CG    Coarse grain 

CPs   Cyclic peptides 

COVID-19  Coronavirus disease 2019 

DLS   Dynamic light scattering 

DNA   Deoxyribonucleic acid 

DMPC   1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DMPE   1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine 

DMPG   1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

DMSO   Dimethyl sulfoxide 

DSC   Differential Scanning Calorimetry 

EDTA    Ethylenediamine tetra-acetic acid 

Gln, Q   Glutamine  

GUVs   Giant unilamellar vesicles 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HWHH   Half width at half height of the transition 

FMOC   Fluorenylmethoxycarbonyl protecting group 

IR   Infrared light 

IRE   Internal reflection element 

ITC   Isothermal titration calorimetry 

LPS   Lipopolysaccharides 

LUVs   Large unilamellar vesicles 

Lys, K   Lysine 

MD   Molecular Dynamics  

MIC    Minimal inhibitory concentrations  

MLVs   Multilamellar large vesicles 

MRSA   Methicillin-resistant Staphylococcus aureus 

MS   Mass spectrometry 
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NaCl   Sodium chloride 

NaN3   Sodium azide 

NMR   Nuclear Magnetic Resonance 

OLVs   Oligolamellar vesicles 

PA   Phosphatidic acid 

PC    Phosphatidylcholine 

PDI    Polydispersity Index 

PE    Phosphatidylethanolamine 

PG    Phosphatidylglycerol 

PI   Phosphatidylinositol 

PS   Phosphatidylserine 

POPE    1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

POPG    1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

SAR   Structure–activity relationship 

SAXS    Small Angle X-ray Scattering  

SAXD   Small Angle X-ray Diffraction 

SCPNs  Self-assembled cyclic peptides nanotubes 

Ser, S   Serine 

SPM    Sphingomyelin 

SS    Steady State Fluorescence 

SUVs   Small unilamellar vesicles 

TRFS   Time-resolved Fluorescence 

Trp, W   Tryptophan 

WAXS   Wide Angle X-ray Scattering 

WAXD   Wide Angle X-ray Diffraction  

WHO   World Health Organization 
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surface 
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𝑑ℎ𝑘𝑙   Distance between repeated planes in the lattice 
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𝑑𝑇

𝑑𝑡
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Thesis organization 
 

This thesis is organized in four parts: Introduction, Experimental Section, Results 

and Final Remarks and Future Perspectives. 

In Part I, an introduction to the subject of study in this thesis is presented, 

centered in biological and model membranes, together with antimicrobial peptides, to 

review the background relevant to present studies. This part ends with the statement of 

the Thesis’ objectives. 

Part II deals with the experimental part, describing the preparation of liposomes 

and lipid/peptide mixtures, as well as main techniques used.  

Part III contains the experimental results obtained, in the form of scientific 

articles. In all studies the author of this thesis performed all experimental work, and 

made substantial contributions to the design, conception, analysis, data interpretation 

and paper writing. In publications II and IV the Molecular Dynamic Simulations were 

performed by the co-authors, but the respective integrated discussion and conclusions 

were made by this author in collaboration with the remaining authors. 

Lastly, Part IV contains final remarks and future perspectives of the work. 
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Chapter 1. Lipid Membranes 
 

Lipids are organic compounds with very low solubility in water, but soluble in organic 

solvents like chloroform and/or methanol. They are amphiphilic, containing a 

hydrophilic head group and a hydrophobic tail build of hydrocarbon chains, which drive 

their self-assembly in aqueous solution. The self-assembly of lipids in water leads to a 

bilayer structure, where the hydrophilic heads of the outer leaflet point towards outer 

aqueous environment whereas the ones in the inner leaflet towards the inner aqueous 

compartment, and the hydrophobic tails kept away from water, facing each other in the 

bilayer structure. This lipid bilayer provides a rather impermeable barrier to the direct 

passage (diffusion) of water-soluble molecules1, 2. 

 

1.1. Organization of Lipid Molecules 

 

The organization of lipids when in contact with water derives from their amphiphilic 

character, that leads them to self-assemble, forming lyotropic phases3 with different 

supramolecular structures. The driving force for this process is described as the 

“hydrophobic effect”, energetically driven both enthalpic and entropically. 

As the interaction of the lipids’ hydrocarbon chains with water is not favorable, 

they tend to reduce the interface between water and their hydrocarbon part by self-

assembling and thereafter interacting with each other (hydrophobic interaction). The 

hydrophobic effect leads to hydrophobic hydration, i.e., the creation of a water ‘shell’ 

around the hydrocarbon chains, where water has special characteristics, particularly 

being more organized than in the bulk. This was described as ‘the iceberg formation’ by 

Kauzmann4 in the early days of study of the hydrophobic effect. Together, they lead the 

lipids to form supramolecular aggregates, taking the chains away from the water 

environment and keeping the lipid’s heads in contact with water, with concomitant 

displacement of water molecules from the hydrocarbon surface5, 6. Therefore, the head 

group region remains towards the polar environment, i.e., the aqueous solution, where 

it can also be in contact with other lipid head groups, water and solution components, 

assuming different structural arrangements. The most common and relevant lipids’ self-

assembly in biological membranes is the lipid bilayer5 (see sections 1.2 and 1.4.). The 

hydrophobic effect can be described in terms of the associated thermodynamic 

parameters, 

 

ΔG= ΔH-T ΔS (1.1.1) 
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where ΔG is the Gibbs energy change, ΔH is the enthalpy change, T is the absolute 

temperature and ΔS the entropy change. The lipid’s self-assembly is a complex 

process, as the lipids’ assembly should be reflected in a decrease in entropy but the 

water release from the hydrophobic hydration shell causes an entropy increase. The 

enthalpy balance is also complex - enthalpic changes are associated with the removal 

of ordered water from hydrophobic regions (breaking of H-bonds), the formation of new 

H-bonds in bulk water, interactions between head-and water and/or other lipid head 

groups, etc. Overall, the hydrophobic effect is affected by temperature, pH, ionic 

strength 5, 7. 

 

1.1.1.  Lipid polymorphism 

 

Membrane lipids self-assemble into a variety of phases and two/ and three-

dimensionally ordered structures upon contact with water. The concepts of “lipid 

diversity” and “lipid polymorphism” should not be confused, as one refers to different 

lipids in membranes and other refers to different short and long-range forces that lead 

to a variety of lipid structural arrangements, induced by effects such as concentration, 

temperature, pH, addition of other molecules, etc8. The most important factors are 

concentration and/or temperature, as their changes can lead to different phases, 

usually called lyotropic and thermotropic mesomorphism3, 9, 10.   

Examples of lipid arrangements are lamellar, hexagonal, or cubic phases, 

depending on intrinsic lipid properties (chemical structure), but also on concentration, 

temperature, water content, pH, and/or ionic strength. The lipid bilayer of biological 

membranes is a lamellar phase, typically in fluid phase, although some lipids present 

can, when alone, prefer to adopt a hexagonal phase. Biophysical techniques, such as 

differential scanning calorimetry (DSC) and X-ray diffraction have been used to 

characterize lipid phase transitions and their characteristic parameters, leading to the 

establishment of lipid phase diagrams9, 11-15.  

To understand the morphology of lipids’ assembly and why different lamellar 

and non-lamellar structures are adopted, the geometrical shape of the lipid molecules 

should be considered, i.e., the balance between the area of the hydrophobic and the 

hydrophilic parts. The ability of a lipid to form a specific structure can be predicted from 

the critical packing parameter (Cpp), which considers the adopted shape of a lipid (eq. 

1.1.2)16, 17:  

Cpp = V0/ a lc 
(1.1.2) 
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The packing properties of lipids are set by the effective volume occupied by the 

hydrocarbon chains (V0), the area per lipid molecule (a) and the effective length of the 

tails (lc). It is important to stress that although the lipid’s headgroup play a dominant 

role on the determination of the preferential lipid phase, length and the number of 

unsaturated bonds in lipid’s hydrocarbon chains will influence as well18.  

Single-chained lipids with large head group area (Cpp < 1/3), will have a cone 

shape, and should form spherical micelles (e.g. some lysophospholipids), while single-

chained lipids with a small head group present a truncated cone shape (1/3 <Cpp < 

1/2), and cylindrical micelles will be the adopted structure (e.g. lysophospholipids with 

small head groups).  

Double-chained lipids with i) large head-group areas and fluid chains (1/2 <Cpp 

< 1), have a truncated cone shape, and in this case bilayer vesicles with an internal 

water compartment are usually formed (e.g. SPM, PG, PS and PC); ii) small head-

group (Cpp ~ 1) of saturated chains, or anionic lipids in high salt concentrations, have 

cylinder shapes, and tend to adopt a planar bilayer structures, i.e. a lamellar structure 

(e.g. PE, PS+Ca2+); finally, iii) non-ionic, small head groups of poly-unsaturated chains 

(Cpp > 1), appear as an inverted truncated cone and thus tend to form membranes with 

negative (or concave) membrane curvature, such as inverse hexagonal phase (HII), or 

cubic phases (e.g. unsaturated PE, cardiolipin+Ca2+, cholesterol). The described 

structures formed are summarized and represented in Fig. 1.1.113, 16, 19-21. 

Normal Hexagonal (HI) and inverse hexagonal (HII) lipid phases are nonlamellar 

lipid phases, where the lipids adopt ‘tubular structures’ (see Fig. 1.1.1). The hexagonal 

phase is often referred to as ‘oil-in-water’, because the hydrophobic tails face inwards, 

to the interior of the cylinder, whereas in the inverse hexagonal lipid phase, called 

‘water-in-oil’, the hydrophobic tails face outwards20. Different cubic phases have been 

also observed13, that were early recognized by Luzzati13 to have a biological role. 

Recently this connection has been recovered and explored20, 22, 23. Cubic phases can 

be essentially divided in two classes, bicontinuous and micellar phases13. The 

bicontinuous phases consist of a single bilayer folded into a three-dimensional cubic 

network separating two disjointed water compartments with continuous regions of both 

polar (hydrophilic head groups) and non-polar (hydrocarbon chains) structures (Ia3d, 

Pn3m, Im3m). The micellar phases are made of disjointed micelles with different sizes 

for a more efficient packing on a cubic lattice (e.g. Fd3m, Pm3n). Cubic phases 

represented are the Pn3m and Im3m, the cubic phases more commonly associated to 

the antimicrobial peptides/membranes interactions20. 

It is important to emphasize that lipid phases are relevant for biological systems 

only if they are stable in excess water, similar to the aqueous environment in biological 
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membranes20. Changes from lamellar to non-lamellar phases can be driven by 

accumulated stress, that increases with temperature. Consequently, the repulsive 

pressure in the hydrocarbon tail region also growths, and thus the bending torque 

occurs. When a certain critical value of stress is exceeded, a new stress-free phase 

can occur, placing the lipid in an environment with less torque16. Lipids prone to form 

non-lamellar phases such as PE (present in most bacteria), can induce membrane 

monolayer curvature stress. These lipids increase the lateral pressure in the center of 

the bilayer due to their cone-shaped geometry, leading to the formation of non-lamellar 

structures, inducing thus curvature stress in the bilayer where they are, mixed with 

other lipids24, 25. 

 

 

Fig. 1.1.1. Shapes adopted by amphiphilic structures, and their relation to the critical packing parameter. 
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1.1.2. Thermotropic changes in lipid aggregates 

 

The phospholipids bilayer can undergo thermotropic transitions between 

different phases 26, 27: The so called ‘main transition’ occurs when the phospholipids 

change from a more ordered phase i.e., with the hydrocarbon chains fairly extended 

and closely packed, to a more disordered phase, with chain disordering and 

consequent decrease in space between the headgroups – the transition from the 

lamellar gel phase (Lβ) to the fluid lamellar phase (also known as liquid crystalline 

phase (Lα)). The hydrocarbon chains at the lamellar gel phase can also assume a 

‘tilted’ shape, forming the phase Lβ’ (the prime ‘ indicates that the chains of the 

phospholipids are tilted)28. In the case of PC with the number of carbons in the chains 

n≥14, a ‘ripple’ phase exists (Pβ’), and a transition between Lβ’ and Pβ’ can be easily 

detected e.g. by DSC, and is called the pre-transition. 

 

 

 

Fig. 1.1.2. Calorimetric pattern for changes in DPPC multilamellar vesicles in excess water as a function of temperature, 

obtained by Differential Scanning Calorimetry. The respective structures for the different lamellar phases adopted along 

the temperature scan are represented on the right art of the figure. Adapted from3.  

 

The most studied transition is indeed the main transition, from gel-to-fluid 

phase. It occurs at specific temperatures, characteristic of each lipid, called phase 

transition temperature (Tm), and is accompanied by a large enthalpy change. The Tm 

increases with hydrocarbon length increase, due to the stronger van der Waals 

interactions and consequent increased packing. The introduction of a cis double bond 

into the acyl group creates a “bended” look in the chain, lowering the Tm 29 when 

compared to the corresponding saturated lipid. Bellow Tm we have an ordered lamellar 

gel phase (Lβ, Lβ’ or Pβ’- phase), where the hydrocarbon chains are well oriented and 
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quite rigid, with any chains lateral diffusion of phospholipids in the membrane very 

reduced, while above the Tm an increase in the hydrocarbon chains conformational 

freedom30 takes place, the headgroup hydration is also increased, and we have a 

disordered liquid crystalline lamellar phase, L. In this transition the hydrocarbon chains 

goes from trans to gauche conformation31. The main transition is accompanied by 

significant enthalpy changes, due to the amount of energy required to decrease van 

der Waals interactions, volume of expansion of the hydrocarbon chain, and also due to 

the increased hydrophobic exposure at the polar–non polar interface, increasing the 

bilayer area26. 

The main transition (Lβ, Lβ’ or Pβ’→ Lα ) is reversible and highly cooperative - 

when one molecule enters in a motional energy state, the nearby molecules finds it 

easier to enter this state as well32.  

Some phospholipids can exhibit multiple phase transitions, like 

phosphatidylcholines that at low temperatures they can show a sub-gel lamellar 

crystalline phase (Lc). The phospholipid doesn’t show any axial rotation, nor significant 

lateral diffusion33. Additionally, other phases can be observed, some already referred to 

above, such as i) tilted (Lβ’), where the extended hydrocarbon chains are strongly 

tilted, but also ii) interdigitated (LβI) where the hydrocarbon chains from one leaflet of 

the bilayer may overlap hydrocarbon chains from the opposing leaflet of the same 

bilayer, and iii) rippled gel (Pβ’) that can be due to the rotation of the polar head group 

or the cooperative movement of the hydrocarbon chains prior to the melting12. 

With the increase in temperature some lipids present a transition from lamellar 

to non-lamellar phase. Lamellar-to-hexagonal II (Lα → HII) phase transition is slower 

and much less energetic than the gel lamellar-to- fluid lamellar phase, but still possible 

to determine by DSC. The reversibility of the opposed transition, (HII→Lα) is often not 

observed on the timescale of seconds or minutes, since its kinetics is much slower than 

the Lα → HII, often requiring long incubation times (hours to days) at temperatures 

below the Tm. This is reflected in a strong hysteresis in the measurements of this 

transition26. This hysteresis also occurs in some other phase transitions (like fluid 

lamellar to cubic), that may not be easily observed on heating, and are usually better 

seen during the cooling sequence. Some of these phases are represented in Fig. 1.1.3. 
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Fig. 1.1.3. Top panel: Examples of different lamellar lipid phases: (A) subgel lamellar crystalline, Lc; (B) untilted gel 

chains, Lβ ; (C) tilted gel chains, Lβ’ ; (D) rippled gel, Pβ’; (E) fully interdigitated gel, LβI ; (F) partially interdigitated gel; 

(G) mixed interdigitated gel; (H) liquid crystalline, Lα. Adapted from26. Bottom panel: Sequence of the principal lyotropic 

liquid-crystalline phases in function of the mean curvature. The a, b, c and d are more complex intermediate phases, 

being associated with cubic phases, not described here in detail. Adapted from34. 

 

Bilayer cubic phases (QB
II) appear usually between the Lα and HII transitions, 

and are less common in membrane lipid dispersions, being more often observed for 

short-chain PEs and monoglycosyldiacylglycerols13, 35, 36. QB
II can appear if the 

incubation is long enough and sometimes can be induced by cooling of the HII phase, 

or by extensive temperature cycling through the Lα ↔ HII transition37, 38. Inverted 

micellar cubic phases (QM
II), where the interfacial mean curvature is negative 

(curvature towards the water), have been observed mainly in mixtures of double-chain 

polar lipids with fatty acids or diacylglycerols39. 

It is important to mention that when we have phospholipids mixtures differences 

in phase transition are to be expected, both in Tm and H, when compared to the 

isolated pure phospholipids, due to the structural differences on hydrocarbon chains 

and/or headgroups. The mixing properties of the PE and PG lipids can be taken as an 

example. At physiological pH, the zwitterionic PE can act both as donor (NH3
+) and as 

acceptor (PO2
-) for intermolecular hydrogen bonds. The anionic PG acts as hydrogen 
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bond acceptor (PO2
-). Considering the differences in the occupied volume by both 

lipids, we see that the PG headgroup occupies much larger volume than the PE 

headgroup, and thus PEs are much less hydrated than the PGs. As referred to above, 

PG has roughly cylindrical shape, whereas PE can be described as a truncated cone. 

They are therefore not expected to mix ideally, due to the different geometrical 

characteristics. Nevertheless, the introduction of PG in a PE bilayer facilitates the 

hydration of the PE headgroups by disrupting the PE-PE contact and forming at 

physiological pH hydrogen-bonds between the PE and PG headgroups40. The 

mismatch will change the Tm, and is dependent on PE:PG ratio at physiological pH, as 

shown by Garidel et al40 in DSC calorimetric transition profiles, showing further that the 

behavior depends on pH. 

 

1.2. Biological membranes’ structure 

 

Biological membranes are complex supramolecular systems that play an important role 

in the structure and function of the cells, prokaryotic and eukaryotic. They have a 

structural function, establishing a barrier between the internal and the external 

environment, regulating transport and signaling across that barrier, are also involved in 

energy production, cell-cell interactions and create internal compartments where 

certain cellular activities are carried out. Although biological membranes can vary 

widely, they all have a common feature: they are built of lipid bilayers.11, 41 Indeed in 

addition to the various types of lipids, membrane proteins, sugars and other 

components are also present. The membrane protein’s role is to help in structural 

integrity, organization and flow of material through membranes, while sugars are only 

at the outer bilayer , attached by covalent bonds to some lipids and proteins, where 

they can act as markers42.  

 

The lipid bilayer is the universal basis for cell-membrane structure, being 

responsible for the separation between the interior of the cells and the outer 

environment43. The “fluid mosaic membrane model” of biological membranes was 

suggested in 1972 by Singer and Nicholson and has become for many years the 

standard conceptualization of the membrane’s architecture. Its main feature is the 

prediction of lateral and rotational freedom, together with a random distribution of the 

different membrane components. This model proposes the existence of membrane 

fluidity, and the membrane function as “solvent” for proteins, allowing lateral mobility of 

lipids. Proteins present in a membrane are named as intrinsic or transmembrane and 
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peripheral membrane proteins. The term “mosaic” refers to the scatter of proteins 

across or on the membrane’s surface (fig. 1.2.1.A)44-46. This model contributed 

immensely to the representation of the cell membranes, and later an extension was 

introduced by Simons and Ikonen47. They proposed that many biological membranes 

possess lipid/protein domains, the so-called lipid rafts (Fig.1.2.1.B). The rafts are 

enriched in cholesterol, saturated sphingolipids and lipid-anchored proteins, which 

makes them less fluid (they are described as being in a liquid ordered state, lo) and 

thicker than the bulk membrane. These rafts have various functions, such as sorting 

molecules for transport, signaling, gathering proteins and thus facilitating their 

interactions47, 48. The main contributions to the characterization of lipid rafts were 

obtained by fluorescence quenching and fluorescence resonance energy transfer, as 

they have shown the formation of nanoscale liquid-ordered domains49, 50. 

 

 

 

Fig. 1.2.1. A. “Fluid mosaic membrane model proposed by Singer and Nicolson in 1972. This mosaic model is the first 

comprehensive model describing biological membranes. This basic structure of the membrane (lipid bilayer) has fatty 

acyl chains from each leaflet forming a nonpolar interior. Intrinsic proteins are integral to the bilayer, while extrinsic 

proteins are on its periphery. Adapted from44. B. Representation of lipid rafts build from cholesterol surrounding 

transmembrane proteins. The lipid rafts are commonly present in the cell membrane, although they are also present in 

other parts such as the Golgi apparatus and lysosomes. The lipid rafts can be responsible by decreased membrane 

fluidity and membrane protein trafficking51.  
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1.3. Biological membranes’ lipids 

 

A large diversity of lipids is found in biological membranes, differing in the structure of 

the head group and in the length and/or saturation of their acyl chains. We can say that 

glycerophospholipids, sphingolipids, and sterols are the three major kinds of lipids 

found in membranes42 (Fig. 1.3.1).  

Glycerophospholipids are the primary building blocks of the biological 

membranes. They are composed of a polar head group and two hydrocarbon chains 

(fatty acids) that have an ester link to the sn-11 and sn-2 positions of a glycerol moiety, 

and a phosphate group in the sn-3 position46, 52, 53. It should be noted that within the 

glycerophospholipids the chain length and degree of saturation of the fatty acyl chains 

vary widely, and that determines the order and thickness of biological membranes. 

 

 

 

Fig. 1.3. 1. a. Representation of the three major types of membrane lipids. a. Phospholipid: the lipid represented here is 

POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) that it is found in biological membranes; b. Sphingolipid: the lipid 

represented is sphingomyelin, particularly found at high concentrations in the membranes of nerve cells (in the myelin 

sheaths) and red blood cells; c. sterol: the molecule represented is cholesterol. The top part of the image is 

correspondent to the hydrophilic part of the lipids, in aqueous environment, while the down part is their hydrophobic 

part. 

 
1 sn, is the stereospecific numbering system prefix, used before the name of a glyceride in a Fischer projection. 
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Phosphatidic acid (PA) is a low abundance and the simplest phospholipid 

present in the membranes. PA has negative charge at physiological pH and contributes 

to the membrane’s physical properties. Nevertheless, PA is the precursor for other 

phospholipids of different net charges (anionic or zwitterionic), obtained due to the 

esterification of the phosphate to an alcohol, thus playing an important task. 

Phosphatidylcholine (PC) phospholipids have a choline molecule attached to 

the phosphate group. PC is the most abundant lipid found in animal biological 

membranes and therefore the most important membrane structural lipid. In addition, 

PC is a zwitterionic molecule, that can be depicted as having a cylindrical shape, 

because the head group has about the same width as the tails (see Fig. 1.3.2). 

Phosphatidylethanolamine (PE) is a zwitterionic phospholipid at physiological 

pH, with a major presence in bacterial membranes, particularly Gram-negative, and the 

second most predominant phospholipid in humans54, 55 due to the ability of humans to 

convert PE to PC, while bacteria cannot. PE possess an ethanolamine instead of a 

choline group, with a phosphate (negative charge) and a free amine (positive charge) 

at neutral pH. PE phospholipids are considered as non bilayer forming due to their 

truncated cone shape (see Fig. 1.3.2) 24. 

Phosphatidylglycerol (PG) is an anionic glycerol-based phospholipid (charge -1) 

at physiological pH, widely present in many bacterial membranes, whereas in 

mammalian membranes is mostly present in very low amounts (1-2 mol%) 56, 57.  

Phosphatidylserine (PS) is a serine-based phospholipid, also anionic (charge -

1) at physiological pH, essential in all human cells, although far more abundant in the 

brain than in other organs. Phosphatidylinositol (PI), another anionic (charge -1) 

phospholipid at physiological pH possesses the inositol group and is present in all 

tissues and cell types, especially in brain cell. PIs are considered to have the greatest 

contribution to the negative charge surface density of the lipid bilayer58.  

The described different net charges of these glycerophospholipids have a 

critical role in their interaction with proteins. Further to this, it should be referred thar PS 

and PE contain an amine group that can establish hydrogen bonds, with the solvent 

and with other phospholipids. 

All these phospholipids are obtained through esterification of the phosphate 

groups with different alcohols.  
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Fig. 1.3.2. General representation of a phospholipid. Saturated, in this case, or unsaturated fatty acids are linked to the 

glycerol backbone at the sn-1 and sn-2 positions. The phosphate headgroup is linked at the sn-3 position and different 

variations of headgroups obtained by replacing the -R by the structures represented on the right panel. 

 

Sphingolipids are one of the components found in biological membranes. Unlike 

phospholipids sphingolipids do not contain glycerol, they are composed of a sphingoid 

base with a fatty acid attached through an amide bond. Ceramide works as precursor 

to create more complexed sphingolipids, such as sphingomyelin (SPM), the most 

prevalent found in mammalian plasma membrane and in neuronal membranes. 

Sphingolipids tend to associate with each other as well as with cholesterol and certain 

categories of proteins59.  

Sterols also have an amphiphilic structure, consisting of a planar, compact, and 

rigid structure of three rings with six carbons each and one ring with five carbons. 

These rings are fused, thus not allowing rotations around the C-C bonds60. Cholesterol 

is the major sterol present in the eukaryotic cell membranes, localizing preferentially on 

the plasma membrane61, while ergosterol plays a key role in yeast and fungi. Some 

bacteria have been identified with small amounts of sterols in their membranes62, while 

Algae produce a wide variety of sterols63, 64. Cholesterol has been very much studied, 

due to is importance in lipid rafts. It has been described that it increases the bilayer 

thickness and the packing of acyl chains, thus significantly decreasing the lateral 

diffusion of lipids in membranes65. 



FCUP 
Introduction 

15 

 

 

The organization and dynamics of the membranes differ among the different 

organisms, exhibiting different characteristics as regarding composition, structure, and 

function. Membrane asymmetry is a general property of biological membranes, as 

result of differences in the lipid composition and/or physical properties between the 

leaflets66. It is known that the outer leaflet of the plasma membrane of eukaryotic cells 

is richer in PC, SPM and glycosphingolipids, whereas the cytoplasmatic leaflet shows a 

higher content in PE, PI and PS. A good example of lipid asymmetry is the erythrocyte 

membrane: globally it contains phosphatidylcholine (~29%), sphingomyelin (~25%), 

phosphatidylserine (~15%), phosphatidylethanolamine (~27%), and others (~5%), with 

variable distribution between the leaflets67 - the outer leaflet is enriched in 

sphingomyelin and PC, while the inner leaflet contains most of the PE46 (Fig. 1.3.3).  

Another important difference, especially as regarding the aims of present work, 

is that in prokaryotic cells the acidic lipids are exposed at the extracellular surface, at 

odds with eukaryotic cells that have no significant negative charge at their surface. 

 

 

 

Fig. 1.3.3. Lipid asymmetric distribution in erythrocyte membranes, that aid as an archetype of mammalian cell 

membranes. The bars represent the content in the inner and outer leaflets of each representative lipid expressed in 

mol% 46, 67. 

 

Bacterial membranes contain large amounts of phosphatidylethanolamine, 

phosphatidylglycerol, and other derivatives such or cardiolipin (complex lipid which 

consists of two PG units attached to a PA molecule)57, 68. However, the specific 

composition depends on the bacteria, as detailed next. 

 

1.4. Bacterial Membranes  

 

The details of the architecture of bacterial membranes are of major importance for the 

goals of this thesis. Bacteria are prokaryotic organisms with simpler design and usually 

smaller than the eukaryotic cells. Additionally, the broad metabolic capabilities of the 
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bacteria allow them to grow and divide very rapidly and to inhabit and flourish in almost 

any environment66, 69, 70. According to the cell wall composition, bacteria can be divided 

into two main classes: Gram-positive and Gram-negative. 

 

 

Fig. 1.4.1. Representation of the bacterial cell membranes’ molecular organization of Gram-negative and Gram-positive 

bacteria. Gram-positive bacteria have cytoplasmic membrane covered by a peptidoglycan layer, while Gram-negative 

bacteria have a complex outer membrane with an asymmetric distribution phospholipids and lipopolysaccharides71. 

Adapted from72. 

 

Gram-positive bacteria are built of a thick layer of peptidoglycan with 

intercalated teichoic and lipoteichoic acids, external to a lipid bilayer decorated with 

proteins and carbohydrates. Cytoplasmic membranes of Gram-positive bacteria are 

rich in PG content, although other phospholipids and phospholipids-derivates are also 

present (Table 1.1)73.  

Gram-negative bacteria are structurally more complex than Gram-positive, 

since they have a plasma membrane and an outer membrane, with a region between 

these layers called the periplasmic space (Fig. 1.4.1). The outer layer, which is highly 

asymmetric, is composed primarily by lipopolysaccharides (LPS). The inner layer of the 

outer membrane has a large PE content, and also some PG, although in smaller 

percentage than in Gram-positive bacteria (Table 1.1)66, 73-75.  

Overall, the high negative charge content in bacteria exterior will be shown to 

be crucial for antimicrobial peptides’ preferential interaction (Fig. 1.4.1) (see Chapter 2, 

section 2.3)74. 

In some cases, some lateral heterogeneity or formation of lipid domains has 

been reported76, 77. An example of this heterogeneity was observed in Escherichia coli 
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and Bacillus subtilis were cardiolipin domains were observed78, 79. Overall, the 

percentages presented in Table 1.1 are relatively constant under a broad spectrum of 

growth conditions, although exceptions may occur80, 81. 

 

Table 1. 1. Phospholipid composition in percentage of total phospholipid of some species of Gram-negative and Gram-

positive bacteria82, 83.  

 

 

 

 

 

 

 

 

 

 

 

 
 

1.5. Lipid model membranes 

 

Biological membranes are complex systems with hundreds of different lipids, proteins, 

and other components. The complexity and dynamics of biological membranes gets 

even larger when one wants to study the interactions of peptides, proteins, or drugs 

with these membranes. To overcome this situation, a reductionist approach has been 

developed, where only a few representative components of biological membranes, their 

main constituents, the lipids, are kept. Membrane lipid models mimic cell membranes, 

using a variety of lipids, and are used to study several phenomena and interactions 84. 

These systems have being considered very suitable tools to understand individual 

molecular interactions in biophysical studies66, 85-91, keeping reduced and controlled a 

number of factors that may affect interpretations of the studied phenomena, such as 

pH, ionic strength, molecular packing, lipid composition, temperature, among others84, 

92. 

The most common of such biological membrane’s models are liposomes or lipid 

vesicles, as the ones used in this thesis. They usually assemble in a spherical shape 

with an internal aqueous compartment, with a variable number of concentric bilayers, 

and are surrounded by the aqueous medium, forming a suspension. Liposomes can be 

Bacteria species %PG %CL %PE 

GRAM-NEGATIVE 

ESCHERICHIA COLI 15 5 85 

KLEBSIELLA 

PNEUMONIAE 
5 6 82 

PSEUDOMONAS 

AERUGINOSA 
21 11 60 

GRAM-POSITIVE 

STAPHYLOCOCCUS 

AUREUS 
57 19 0 

BACILLUS SUBTILIS 40 25 20 

STAPHYLOCOCCUS 

EPIDERMIDIS 
90 1 0 
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prepared from the dispersion of one single lipid or the mixture of different lipids, chose 

to resemble to the composition of membranes in vivo that one wishes to study84. 

Liposomes can be classified as unilamellar or multilamellar, where the second 

assembles in variable number of concentric bilayers, being called multilamellar lipid 

vesicles (MLVs) (>500 nm)93. MLVs are the simplest vesicles to prepare - briefly, 

initially the pure phospholipids are dissolved in an organic solvent, chloroform or a 

mixture of chloroform/methanol, to guarantee dissolution and the formation of a 

homogenous solution. The organic solvent is then evaporated (either with heat or by 

blowing the solution with a gas stream), and a phospholipid film is formed. Thereafter 

the film is dried overnight in vacuum, and after hydrated with an aqueous buffer 

solution (above the lipid system Tm), the lipid film swells, and by use of vortex cycles it 

leaves the walls where the film was formed and self-assembles in aqueous solution 

forming a suspension of MLVs. If only one phospholipid is used, direct hydration of the 

powder with buffer above Tm, followed by vigorous vortex is sometimes enough to form 

a MLVs suspension. 

Nevertheless, often they are not the best system to work with. Disadvantages 

like high polydispersity of the suspensions, particle’s size that disperse the light too 

much for commonly used biophysical techniques (fluorescence, light scattering, UV), 

easy sedimentation, reducing the amount of membrane available for e.g. partition, 

difficulty in determining the correct surface concentration in the different layers, make 

these systems less appropriate for many techniques. For most precise uses, liposomes 

containing only one bilayer and controlled sizes are the best option. They can be small 

unilamellar vesicles, SUVs (25 - 50 nm in diameter), and large unilamellar vesicles 

LUVs, (~100 nm of diameter). SUVs are formed by the disruption of MLVs suspension 

by strong sonication, preferably by probe (titanium) tip sonicators. SUVs have the 

disadvantage of being rather unstable, due to excessive curvature, tending to fuse into 

higher structures. LUVs are prepared by the extrusion method. The MLVs’ suspension 

goes thought freeze-thaw cycles (freezing in liquid nitrogen and heating in the water 

bath) above Tm to improve the homogeneity of the size distribution. Thereafter, the lipid 

suspension is forced thought two polycarbonate filters, of 100 nm pore size, to provide 

particles with a size similar the filter’s pores’ size. The extrusion can be performed in a 

bench stainless steel extruder, under inert gas pressure, or with a manually powered 

extruder syringes. The detailed protocol used in this work is describe in part II of 

chapter 5. 

Giant unilamellar vesicles, GUVs (1-100 m) are simple model membrane 

systems of cell-size. The first preparation method reported was rehydration of dried 



FCUP 
Introduction 

19 

 

 

lipids film assisted by an AC electric field94, in a process known as electroformation. 

Lastly, vesicles of two to five concentric lamellae are called oligolamellar vesicles 

(OLVs) and can be spontaneously formed from hydration of the film in charged lipids, 

due to the repulsive forces between bilayers. 

 

 

Fig. 1.5.1. Schematic representation of the main lipid systems according to their size and lamellar levels, vesicles. From 

left to right: SUVs (Small Unilamellar Vesicles), LUVs (Large Unilamellar Vesicles), GUVs (Giant Unilamellar Vesicles) 

and MLVs (Multilamellar Vesicles). Adapted from95. 

 

LUVs are the preferred model membrane used in this thesis as described in 

publications II, III, IV and V of part III, whereas for SAXS MLVs and OLVs needed to 

be used, to have a system with 3D arrangement (manuscript VI).  
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Chapter 2. Antimicrobial Peptides 
 

The rapid emergence and spread of drug-resistant pathogens due to the overuse and 

misuse of drugs such as antivirals, antibiotics and antiparasitic, has become one of the 

world’s most demanding health concerns. Bacterial resistance has been attributed to 

the long-term inappropriate use of antibiotics, as bacteria can develop resistance 

through multiple biochemical pathways96, 97. The treatment of super-infections is 

increasingly prone to failure, and already in 2014 World Health Organization (WHO) 

reported that antibiotic resistance was spreading rapidly throughout the world98. Within 

Europe, Portugal has one of the highest incidences of MRSA (Methicillin-resistant 

Staphylococcus aureus), as well as vancomycin-resistant Enterococcus faecium and 

multi-drug resistant Acinetobacter99. The cost of new drug development, the 

challenging regulatory requirements and the consequent slow development of new 

strategies by the pharmaceutical industry are leading to an aggravation of this health 

crisis at worldwide level86, 100, 101. This problem can be clearly seen looking at the 

numbers reported in 2019 by the World Health Organization (WHO) – only 6 out of 32 

antibiotics were identified with a classification of ‘innovative’ against priority pathogens 

during their clinical development102.  

Due to current world COVID-19 pandemic situation, a disease caused by a new 

strain of coronavirus, the bacterial resistance may get even higher. It has been 

reported by the WHO Europe, in a study conducted in 9 European countries, that 

despite the fact that antibiotics do not treat or prevent viral infections like COVID-19, it 

was estimated that 79–96% of Europeans that were not infected by Covid-19 took 

antibiotics inappropriately, to try to prevent the infection by the virus103. Further, it was 

also reported that 72% of patients with COVID-19 received antibiotic therapy, despite 

only 7% had a bacterial co-infection104.  

This shows that a post-antibiotic era with new antimicrobial strategies becomes 

mandatory. In this context, antimicrobial peptides (AMP) are seen as a new avenue, 

providing as potential novel paradigm to fight pathogens, due to their completely 

different mode of action. 

 

2.1. Properties of Antimicrobial Peptides  
 

Antimicrobial peptides (AMPs), also known as host defense peptides, are a large group 

of molecules produced by several organisms, such bacteria, fungi, animals, and even 

plants. They are part of a nonspecific innate immune system, responsible for the main 
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defense mechanisms against foreign attacks22, 86, 105. To date, hundreds of AMPs have 

been identified and published in databases106-109 reflecting their recognized importance 

in fighting fungi, bacteria, viruses and even cancer cells110-112. Additionally, it has also 

been reported that they can be active in immune and inflammatory responses113, 114. 

AMPs show a wide diversity of structures115, rapid cell-killing and low levels of induced 

resistance116. Nevertheless, most applications already in the market are topic117, 118, as 

there are difficulties in their systemic use, because AMPs are easily degraded by 

proteases117. This issue has been addressed recently by the development of AMPs 

where some L-amino acids are replaced by their D-analogs. This approach reduces 

protease degradation against enzymatic hydrolysis, since only a few enzymes are 

known to digest amide bonds involving D-configuration119, 120. The substitution of one or 

more L-amino acids might help as well in decreasing cytotoxicity, while keeping 

antimicrobial activity121-124.  

Additionally, the cost of development and manufacturing and the seemingly 

lower effectiveness as compared to conventional antibiotics has imposed a slow pace 

in this drug direction. Further, the toxicity of AMPs still needs to be better addressed. 

One problem that is long known is that they can induce endotoxin shock, due to the 

release of high number of lipopolysaccharides (LPS) upon Gram negative bacteria’s 

outer membrane destruction125. Strategies to surpass stability issues and to increase 

the half-life of AMPs in systemic use are being used, such as the introduction of D-

amino acids, and peptide cyclization (see chapter 3 of this same part, and 

publication/manuscript I – VI of the Part III) 126.  

AMPs have several properties that are common to most of them, such as net 

charge, hydrophobicity and amphipathicity. AMPs are built of short amino acid 

sequences with less than 50 amino acids, display a net positive charge ranging from 

+2 to +9 at physiological pH, mainly due to the lysine and/or arginine residues present 

in their sequence. Some studies report a correlation between net charge and 

antimicrobial activity of AMPs, showing that in some cases increasing the net charge 

leads to an activity increase. Nevertheless, in some other cases the loss of activity was 

reported as charge increase, possibly as a consequence of too strong interactions 

between the peptides and the phospholipid head group, preventing peptide’s 

translocation across the membrane127-132. Typically, 50% of the residues in the AMPs 

sequence are hydrophobic (leucine, valine, alanine, methionine, isoleucine, tyrosine, 

phenylalanine, and tryptophan residues), a feature required for membrane 

permeabilization, and also a factor that controls the extension of partition of the AMPs 

into the lipid bilayer. It should be noted that excessive hydrophobicity decreases 

aqueous solubility, a severe drawback, and might end in toxicity and increased 
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hemolysis133, thus with loss of antimicrobial selectivity134-136. Amphipathicity, a very 

important feature of AMPs, corresponds to the segregation of hydrophobic and polar 

residues between the two opposite faces of a secondary structure of the antimicrobial 

peptides, commonly an α-helix, leading to a distribution well suited for membrane 

binding (Fig. 2.1.1). Some studies have shown that with AMPs’ increase in charge and 

amphipathicity the hemolytic activity decreased while preserving the antimicrobial 

activity137-139.   

 

 

Fig. 2.1.1. Schematic representations of the amphipathic character in α-helix AMPs. The purple side is the hydrophobic 

side and the red the charged side.  

 

The relationship between amphipathicity, hydrophobicity and net charge is 

rather complex, and so far has been difficult to establish robust structure–activity 

relationship (SAR) between the chemical structure the molecules and their biological 

activity. The variety of structural characteristics, such as length, sequence, structure, 

activity and source result in a diversity of AMPs characteristics and consequently a 

diversity of mechanism of action for this class of compounds as described below in 

section 2.3 of this chapter. 

 

2.2. Structural classification of AMPs 
 

Due to their diversity, the classification of AMPs is not a trivial task. The most common 

classification is based on their secondary structure: α-helix, β-sheet, extended, and 

loop, being the α-helix and the β-sheet the most common structures.  

α-helical AMPs (Fig. 2.2.1.a) are the most studied group of AMPs, with a rod-

like structure with the side chains extending outwards in a helical array. The more 

studied natural AMPs are magainins from frogs, cecropins from cecropia moth, 

cathelicidins present in mammals and melittin from the bee venom toxin22, 140-144. β-

sheet structures (Fig. 2.2.1.b) consist of two or more fully extended β-strands, linked 

by hydrogen bonds. These strands can either form antiparallel β-sheet structures (run 

in opposite directions) or parallel β-sheet structures (run in the same direction). In 
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antiparallel β-sheet structure, the CO and NH groups of each amino acid forms 

hydrogen bonds with the NH and CO groups on the adjacent strand of the amino acid 

located in alignment. For parallel β-sheet structure, for each amino acid, the NH group 

is hydrogen bonded to the CO group of the amino acid on the adjacent strand, while 

the CO group is bonded by hydrogen bonds to the NH group on the amino acid two 

residues farther away along the chain145. Some peptides are also constrained either by 

disulfide bonds between Cys residues (e.g. protegrins, from porcine leukocytes, and 

lactoferricin derived from milk protein), or by cyclization of the peptide backbone (e.g. 

gramicidin S a derivative of gramicidin, extracted from Brevibacillus brevis, a soil 

bacteria, and polymyxin B isolated from Bacillus polymyxa)22. Extended AMPs (Fig. 

2.2.1.c), like indolicidin from blood cells of cows, are often composed by a high number 

of certain amino acids, such as tryptophan, arginine or proline residues. They do not 

fold into regular secondary structures and many of them are not membrane active146.  

Upon association of the AMPs with membranes, AMPs typically change their 

conformation147, 148. These conformational changes will be described in the next 

section. 

 

 

 

Fig. 2.2.1. Schematic representation of the antimicrobial peptides’ structures. a) α-helix of the magainin; b) β-sheet of 

the human defensin 5; c) extended coil of indolicidin. The figure was generated by using Pymol software149. 

 

2.3. Mechanisms of action  
 

The detailed mode of action of AMPs when in contact with membranes remains a 

subject of debate. It is known that their mechanism of action depends on a diversity of 

parameters such as environmental conditions, membrane lipids, peptide 

nature/characteristics and lipid-to-peptide molar ratio, among others126. Gathering 

knowledge of how AMPs act against infective agents must facilitate new development 
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in AMPs design, towards peptides with enhanced or optimized mechanisms, together 

with a lower propensity to resistance development.  

AMPs mechanisms, however different, follow three basic steps: i) initial 

electrostatic attraction of the peptide to the pathogen membrane, due to the cationic 

character of AMPs and the anionic character of the outer bacterial membranes; ii) 

changes in conformational structure of the AMP at the membrane surface required for 

their successful interaction and insertion into the membrane (electrostatic and 

hydrophobic interactions); iii) Peptide partition to the lipid membrane (with various 

architectures and degrees of insertion). 

 

2.3.1. Adsorption and binding to the membrane 

 

The association of peptides with membranes should be treated as a partition 

between two immiscible fluid phases, the aqueous media and the lipid membrane 150.  

Wimley and White150, 151 described a four-step process and the corresponding 

thermodynamic parameters, comprising interfacial partitioning, folding, insertion and 

association (Fig. 2.3.1) to describe the folding and bilayer insertion of small 

hydrophobic peptides. For each step, the standard Gibbs energy change (ΔGº) can be 

determined or estimated. 

  

 

 

Fig. 2.3.1.  Representation of the four-step thermodynamic cycle for describing the energetics of the partitioning, folding, 

insertion, and association of peptides with lipid bilayers. The process can follow an interfacial path two (solid arrows), a 

water path (dotted arrows), or a combination of the two. ΔG indicates Gibbs energy change and the subscript indicates 

a specific step in the cycle: ΔGwif  Gibbs energy change of the unfolded chain from water to interface; ΔGfif Gibbs energy 

change of the folding in the interface; ΔGifhc Gibbs energy change of the insertion of the folded peptide from the interface 

to the hydrocarbon core; ΔGfw Gibbs energy change of the folding in water; ΔGwhc Gibbs energy change of the insertion 

of the into the hydrocarbon core. Adapted from147. 
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Partitioning of peptides from aqueous solution to membranes is often 

dominated by electrostatic and hydrophobic interactions between the cationic AMPs 

and the lipid membranes. For model membranes mimicking bacteria (negatively 

charged) as AMPs are almost always positively charged, a significant enhancement of 

AMPs concentration near the membrane surface will occur, compared to its 

concentration in the bulk. Partition of a charged peptide to a neutral membrane can 

occur as well, leading to a peptide concentration near the membrane surface that is 

initially similar to the bulk concentration, and decreases as the partition takes place, 

due to the positive charge that is increasing at the membrane surface due to peptide 

partition86, 115, 152.  

Upon the initial interaction of AMPs with the membrane, there is usually a 

conformational transition of the peptide from unstructured (random) in solution to an 

acquired secondary structure upon membranes interaction. This increases the peptides 

partition, as the secondary structure has a better interaction with the membrane, due to 

its amphipathicity150, 153. Peptide’s partition may affect the bilayer structure due to the 

insertion of the hydrophobic moieties. The exact location of the peptide depends on the 

hydrophobic/hydrophilic balance and forces involved152.  

The partition constant, Kp, can be determined from the equilibrium between 

peptides and membrane through spectroscopic methods154, such as fluorescence 

spectroscopy155, but also through high sensitivity calorimetric methods, like isothermal 

titration calorimetry (ITC)156. The partition constant can be converted into the standard 

Gibbs energy change (ΔGº)152 as 

 

ΔGº = -RT ln Kp (2.3.1) 

 

The dimensionless partition constant, considering a simple partition equilibrium 

between the aqueous phase (W) and the lipid bilayer phase (L), can be defined as157:  

 

Kp,x =  

𝒏𝑳
𝑷

𝒏𝑳 + 𝒏𝑳
𝑷

𝒏𝑾
𝑷

𝒏𝑾 + 𝒏𝑾
𝑷

 (2.3.2) 

 

where, 𝑛𝐿 and 𝑛𝑊 are the number of moles of lipid and water, respectively, and 𝑛𝑖
𝑃 is 

the number of moles of peptide present in each phase (L, lipid phase and W, aqueous 

phase). Kp,x can be related to the Nernst partition constant (Kp), by replacing the 
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amounts of water and lipid by their respective molar volumes,  𝛾𝑊 and 𝛾𝐿, respectively 

The two partition constants are related as: 

 

Kp =  Kp,x × 
𝛾𝑊

𝛾𝐿

 (2.3.3) 

 

In this thesis, the partition constant of cyclic peptides into model membranes, 

were determined by fluorescence techniques, as explained in part III, publication V.  

 

2.3.2. Lipid:peptide molar ratio 

 

The effect of AMPs on pathogen membranes depends usually on the lipid:peptide 

molar ratio. At low peptide concentration, i.e., high L:P ratios, the AMPs tend to adsorb 

at the membrane surface, at the level of the lipid headgroup, lying parallel to the lipid 

bilayer surface. This usually is accompanied by lateral lipid segregation (accumulation 

of negatively charged lipids close to the AMP), with an increase in local membrane 

rigidity at loci where the peptide is tightly ‘bound' to the negatively charged lipid 

headgroups, changing eventually the permeability and mechanical properties of the 

membrane, making it less stable. As the peptide content increases (L:P ratio 

decreases), it eventually reaches a threshold concentration, i.e., the minimum peptide 

concentration at the surface that is necessary to promote a different structural 

arrangement and eventually a severe biological effect158, 159. After this concentration, 

AMPs begin to tilt towards a more perpendicular position, inserting into the membrane 

and forming transmembrane pores or other transmembrane structures. This 

phenomenon varies with the AMP and membrane lipid composition. It should be noted 

that these phenomena can also occur in some cases at uncharged membranes (like 

non-pathogen membranes), but the threshold will be orders of magnitude higher than 

the ones observed for charged membranes22, 115.  

 

2.3.3. Peptide insertion and membrane permeability 

 

The most accepted starting mechanism of action for AMPs is the carpet model (Fig. 

2.3.2). In the carpet model, AMPs approach the membrane due to electrostatic 

interaction and accumulate at the membrane surface, in a parallel orientation, 

eventually covering all membrane. When partitioned to the membrane (step iii) above), 

the peptide has its hydrophilic part towards the solution, and the hydrophobic part at 
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the phospholipid bilayer160. Once a threshold concentration is reached, different 

mechanisms can follow towards destruction of the integrity of the membrane and 

pathogen death - toroidal or wormhole pores, barrel stave pore or a ‘detergent’-like 

membrane solubilization (Fig. 2.3.2).  

In the ‘detergent-like’ solubilization the peptide acts as a detergent, forming 

‘lipid nanodiscs’, surrounded by peptide161, 162, and leads to total membrane 

destruction163. This model is seen for cecropins164, LL-37161, trichogin GA IV165 and 

some magainins22, 163, 166. Another type of membrane micellization has been described, 

where peptide and lipid form mixed micelles, with cubic structures22, 89, 167. 

In the toroidal pore model, after the threshold concentration AMPs turn to a 

vertical orientation in the membrane, with their polar faces facing the polar head groups 

of the lipids and their non polar chains the hydrocarbon part of the lipids. Both lipid 

monolayers will show a continuous bend, forming a water-filled toroidal pore, with the 

peptides and the lipid head groups at the rime (Fig. 2.3.2). Protegrins, magainins and 

melittin have been suggested to create this type of transmembrane pore115, 127, 168, 169. In 

some cases, upon pore disintegration some peptides can be translocated to the inner 

leaflet of the membranes, resulting in cell death170, 171. 

In the barrel-stave model (Fig. 2.3.2), AMPs aggregate at the membrane, 

forming a bundle of peptide helices. In this model, the hydrophobic core of the peptide 

is aligned with the acyl chains of the phospholipids and the hydrophilic peptide regions 

form the interior region of pore channels, that result in the cytoplasmic outflow22, 172. 

This arrangement at the membrane may cause disintegration of the pore due to the 

repulsion of the AMPs charges, being only possible with highly hydrophobic and not too 

highly charged peptides. It has been reported that increasing peptide content in the 

membrane leads to an increase in the pore size 146. Examples of peptides following this 

mechanism are alamethicin and perforin173. 

The distinguishing feature between toroidal model and the barrel-stave 

model is the arrangement of the peptides in the bilayer. In the barrel-stave pore, upon 

insertion in the lipid bilayer, the hydrophobic part of the peptide interacts with the lipid 

hydrocarbon chains while the hydrophilic portions faces inwards, forming a hydrophilic 

channel. In toroidal pores the polar side of the AMPs interacts with the polar head 

groups of the lipids, resulting in a continuous bend of the membrane, eventually 

connecting the two leaflets22. 

The sinking raft model (Fig. 2.3.2) is a consequence of a mass imbalance for 

a particular lipid domain and therefore, a strong membrane curvature is introduced. In 

this mechanism, the peptide sinks into the membrane and transient pores are formed, 

with the peptide residing in both leaflets of the membrane174. 
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Fig. 2.3.2. Representation of the mode of action of AMPs, where the red region is the hydrophilic and the blue the 

hydrophobic. (A) AMPs with random structure in solution are attracted to the membrane, adopt secondary structure, and 

cover the membrane surface (“carpet”) (B) Barrel-stave model, the peptides span the membrane and form a pore with 

hydrophilic interior; (C) Micellization model, the peptide has a detergent-like action and disrupts the membrane 

structure, forming peptide/lipid mixed micelles; (D) Toroidal pore model, the peptide has the hydrophilic part associated 

with the lipid headgroups, and the hydrophobic part facing the lipid tails; (E) Molecular electroporation model, the 

peptide’s interaction with the membrane promotes an electrical potential across the membrane; (F) Sinking raft model, 

the peptide induces a mass imbalance between the two leaflets of the membrane. (G) Membrane stacking, induced by 

the peptide, that becomes intercalated between the lipid layers. Adapted from 22. 

 

The molecular electroporation model (Fig. 2.3.2) was proposed to describe 

the action of some AMPs that show activity without apparent formation of 

transmembrane pores. In this model, high local electrical fields due to the peptide 

partition to membrane are enough for transient pore formation. It provides a possible 

explanation on how the peptides increase membrane permeability without necessarily 

causing its disruption22, 175. 

The micellar aggregate channel is an alternative model that suggests the 

reorientation and association of the peptide in an unstructured way in the membrane to 

form micelle-like aggregates that provide channels for the movement of ions across the 

membrane176.  
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In the membrane stacking model, upon peptide’s interaction with the 

membrane, an initial disruption of the bilayer occurs, leading to the formation of a 

multibilayers stacking with peptides intercalated between them, in an onion-like 

structure 177.  

In general, in the presence of lipid mixtures, the peptide induces lipid 

segregation, due to its preference for the negatively charged lipids. This phenomenon 

significantly perturbs the membrane, forming lipid–peptide domains, causing lateral 

phase segregation in zwitterionic and anionic lipid mixtures, and in some cases, this 

can lead to the formation of non-lamellar phases at physiologically-relevant conditions. 

If lipid segregation is the only result of peptide/lipid interactions, small intracellular 

leakage can occur, as well as membrane depolarization and destabilization, due to 

changes in curvature strain, affecting the membrane function13, 20, 89, 146, 178. 

AMPs do not need to act through an exclusive mechanism of action 179. By 

damaging the bacteria membrane, the ions and pH gradient may change, accompanied 

by the loss of metabolites, osmotic changes, and all together this eventually ends up in 

cell death71, 115, 164 Finally, it should be pointed out that some AMPs translocate to the 

cytoplasm, and bind to DNA, or inhibit enzymatic activities and protein synthesis, i.e., 

have internal targets180, like lactoferrin derived peptides (LFcin)181, and this can occur 

with or without permeabilizing the cytoplasmic membrane115, 182, 183.  

 

2.3.4. Resistance 

 

Although AMP have mostly membrane based mechanisms of action, making resistance 

more difficult, bacteria can still find mechanisms to circumvent the AMPs’ action. 

Examples are i) surface net charges change, like for Staphylococcus aureus, that 

transports D-alanine from the cytoplasm to the surface teichoic acid, causing 

esterification between teichoic acid and D-alanine, which leads to a reduction of the net 

negative charge; ii) Salmonella species that have reduced the fluidity in their outer 

layer, by adding other components to the lipid A layer, increasing hydrophobicity of the 

surface and delaying or avoiding peptide insertion and pore formation. Changes in 

membrane proteins and the degradation of the peptides by proteolytic enzymes are 

also mechanisms used by bacteria to resist AMP action115.  

 

2.4. Selectivity 
 

The amphipathic structure and the cationic character of AMPs are fundamental 

properties that contribute to their selectivity184, 185.  
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Although AMPs are membrane-active in prokaryotes, it is known that they 

possess some, albeit significantly smaller ability to disrupt eukaryotic membranes - it 

has been observed that ‘good’ AMPs are usually nonhemolytic at concentrations well 

above their minimal inhibitory concentrations (MICs, minimum concentration that 

prevents visible growth of bacteria) 122. This difference can be associated with the 

presence of sphingomyelin and cholesterol, that help to attenuate possible 

perturbations induced by AMPs in eukaryotic membranes186, 187. 

Some AMPs can interact and permeabilize some cancer cells, again as a result 

of charge effects. Cancer cells carry an additional negative surface net charge as they 

have a significant presence of PS in the outer leaflet of their plasma membranes, while 

in normal cells PS are located in the inner leaflet188 189. Cholesterol levels also 

decrease in cancer cells, enhancing the membrane fluidity and facilitating apoptosis by 

AMPs. Although the mode of action of AMPs against cancer cells is not well known, it 

is supposed to be like the ones acting in bacteria, i.e., basically driven by electrostatic 

attraction190, 191. 

 

2.4.1. Effect of membrane charge 

 

The most straightforward explanation for AMPs’ selectivity is electrostatic attraction. 

Bacteria membranes have a predominance of anionic phospholipids (see chapter 1, 

section 1.3 Table 1.1) having thus an overall negative charge (membrane potential of 

about -140 mV). In contrast, eukaryote cell membranes are mainly composed by 

zwitterionic phospholipids, having thus a close to neutral net charge (membrane 

potential of -15 mV)71, 122. This leads to a preference of AMPs for bacterial cell wall as 

compared to mammalian cells192. 

The membrane surface charge depends mainly on the lipid’s head groups and 

leads to the attraction of a cloud of oppositely charged ions. The charges’ distribution is 

ruled by the competition between the electrostatic interactions and the entropy of the 

ions in solution, leading to a distribution that changes with distance, forming the “diffuse 

double layer”. The ions’ accumulation (positive adsorption) or depletion (negative 

adsorption) at the surface influences the electrostatic interactions between the peptides 

and the biological membranes 61, 193.  

These effects at the membrane surface were found to be well described by the 

Gouy-Chapman theory194 (Fig 2.4.1).  
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Fig. 2.4.1. Top panel: schematic illustration of the electric double layer according to Stern's model. Here the surface has 

positive charge, attracts counterions and alters ion’s distribution, forming a “diffuse layer” in the adjacent aqueous 

phase. Bottom panel: electric potential as a function of the distance (x) from the surface predicted by the Gouy-

Chapman-Stern theory. (ψ0), surface potential, (ψd), Stern potential, (ζ), Zeta potential, (δ), thickness of Stern layer, (1/κ) 

Debye length (distance where charge separation occurs). Adapted from 195. 

 

In brief, one can determine the value of the electric potential as a function of the 

distance from the membrane surface. Once this value is known, the local concentration 

of any ionic species can be determined by applying the Gouy-Chapman model using 

the Boltzmann equation (Eq. 2.4.1)61, 193, 196:  

 

where 𝐶(𝑥)  is the ion concentration and 𝜓(𝑥) the electrical potential as function of the 

distance 𝑥 from the membrane surface, 𝐶0 is the ion concentration in the bulk, 𝑧 is the 

ions’ valence, 𝐹 is the Faraday’s constant and 𝑅𝑇  are the ideal gases constant and the 

absolute temperature. The potential at the membrane surface (𝜓0) can be predicted 

using the Gouy-Chapman theory, and can be related to the membrane surface charge 

𝐶(𝑥)  =  𝐶0𝑒−𝑧𝐹𝜓(𝑥)/𝑅𝑇 (2.4.1) 
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density (σ, the total electric charge per unit of membrane surface area), by use of 

equation (Eq. 2.4.2)196:  

 

𝜎 =  √2000 𝜀0𝜀𝑅𝑅𝑇 ∑ 𝐶𝑖,0

𝑖

 [(𝑒−𝑧𝑖𝐹𝜓0/𝑅𝑇) − 1] (2.4.2) 

 

where 𝜀0 is the permittivity of vacuum, 𝜀𝑅 the relative dielectric constant, 𝐶𝑖,0  is the 

concentration of ith electrolyte in the bulk aqueous phase, 𝑧𝑖 is the charge of the ith 

species and the other parameters were described above52, 193. It should be noted that 

the pH at the membrane surface it will be different from the one in the bulk, due to the 

higher concentration of ions of charge opposite to the membrane, changing the 

apparent pKa of any groups located here52, 193. 

These theory and equations have been successfully applied to studies of AMP 

partition to charged lipid membranes, particularly in the determination of partition 

parameters from ITC experiments152, 197.  
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Chapter 3. Antimicrobial Cyclic Peptides 
 

Linear antimicrobial peptides are the most commonly studied115, 123, 164, 198, 199, and that 

is also the case in our research group89, 157, 200-203. Despite their proven activity, the low 

stability under physiological conditions has been a major barrier to their therapeutic 

use, since they can be rapidly cleaved by enzymes in vivo, losing rapidly their 

biological activity204, 205.  

The interest in antimicrobial peptides of cyclic structure started in 1944 with the 

discovery of the antimicrobial properties of Gramicidin S (Fig. 3.1.1.A), a cyclic 

decapeptide natural product206. Since then, cyclic peptides (CPs)  (Fig. 3.1.1.B) have 

been explored in different applications, such as therapeutics, diagnostics, vaccines and 

as drug leads207. 

 

 

Fig. 3.1.1. A. 2D representation of molecular structure of the cyclic peptide Gramicidin S, discovered in 1944. B. 

Schematic 2D representation of a D,L-α-cyclic peptide, of flat ring conformation. 

 

Since then, cyclization of the peptides has been tried with different peptides. 

The cyclization of peptides increases their rigidity, forcing them to adopt more ordered 

secondary structures. This structural change has some advantages, when compared to 

the linear analogues: i) decrease of conformational freedom for each constituent within 

the ring, and consequently the decrease of the entropic term of the Gibbs energy; ii) 

higher binding affinities to receptors; iii) higher resistance to endopeptidases when 

compared to the more flexible linear analogues208-211.  

 

In 1974, De Santis et al.212 suggested that cyclic peptides with an even number 

of alternating D- and L- amino acids could adopt a flat ring conformation, where the NH 

and the CO groups would be oriented perpendicular to the plane of the ring. They also 

A B 
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stated that tubular structures could be formed by these CPs. In 1993 Ghadiri and co-

workers have demonstrated the formation of self-assembled hollow structures, the self-

assembled cyclic peptides nanotubes (SCPNs) (Fig. 3.1.2) by ring stacking of a 

D,L-α-cyclic peptides (c-[(L-Gln-D-Ala-L-Glu-D-Ala)2])213. 

 

3.1. Self-Assembled D,L--Cyclic Peptides 

 

The process of self-assembling of D,L--cyclic peptides was described as a proton-

triggered process, as the protonation favors self-assembling due to the formation of 

hydrogen bonds between the side chains, together with a decrease in solubility of the 

CPs 213. At alkaline pH, the formation of the nanotubes is disfavored, due to the 

intermolecular repulsive electrostatic interactions of the negatively charged carboxylate 

side chains of the glutamic acid, that also increases their solubility in the aqueous 

media. The nanotubes formed were characterized by Fourier-transform infrared 

spectroscopy, electron microscopy, electron diffraction, and crystal structure modeling. 

D-L-α-[(L-Gln-D-Ala-L-Glu-D-Ala)2] adopted a low energy ring flat conformation with the 

amide groups perpendicular to the plane of the structure, with an approximate 7 Å 

internal van der Waals diameter. The flat rings self-assembled in an extensive 

antiparallel -sheet structure, creating intermolecular hydrogen bonds between the 

units, with the residues’ side chains pointing outwards, forming a hollow cylindrical 

structure. This tubular hollow structures were only possible as consequence of steric 

restrictions due to the alternation of D,L- arrangement, creating a hydrophilic core 

structure lined with the backbone amide functionalities. 

 

 

Fig. 3.1.2. Schematic 2D representation of D,L -α-cyclic peptide  and 3D representation of self-assembled cyclic peptide 

nanotubes forming with antiparallel β-sheet, one of the proposed macromolecular structures that these peptides can 

adopt. Adapted from214. 

 

Cyclic Peptide 
Self-Assembled 

Cyclic Peptide 

Nanotubes 
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The use of these cyclic D,L peptides presents some advantages: i) the internal 

diameter of the tube can be controlled, as well as same of the outside surface 

properties, simply by choosing the number and the appropriate amino acid side chains, 

respectively; ii) the physical properties can be modified according to its application, by 

changing their surface as a consequence of amino acids’ choice; and iii) they have a 

robust secondary structure that together with the abundance of D-amino acids makes 

them less degradable by proteases. Such properties prompted the design a variety of 

amino-acid derived nanotubes with different properties and functions215-218. This class 

of peptides possess unique structural properties that are not found in natural 

antimicrobial peptides or their modified versions124, 213. With the correct design, they 

can behave as artificial transmembrane channels for ion and glucose transport, solid 

surface-supported ion sensors, as well as being designed to present antibacterial 

activity 124, 219, 220  

 

3.1.1. Antimicrobial properties of D-L-α-cyclic peptides  

  

Ghadiri’s group proposed the design of D,L-α-cyclic peptides targeting Gram-positive 

and/or Gram-negative bacteria, that could act by increasing membrane permeability 

and/or forming transmembrane pores that would lead to cell death124. The synthesized 

D,L-α–CPs of different number of amino acid residues were shown to self-assemble 

into macromolecular structures, namely peptide nanotubes, under appropriate 

conditions. The presence of a surface is a triggering factor for self-assembling, and it 

was shown that membrane surfaces were not an exception. Thus the concept of 

possible use of these D,L--cyclic peptides as antimicrobial peptides emerged, and 

Ghadiri’s groups published the first results in this area213. 

The basic mechanism of these new antimicrobial peptides is like what was 

described above for the linear AMPs, i.e., an interaction driven by electrostatics221. 

The macromolecular structure and orientation at the membrane depends on the 

size and external surface of the cyclic peptide. Hydrophobic cyclic peptides will form 

nanotubes typically oriented perpendicular to the lipid bilayer, to maximize van der 

Waals contacts with the lipids (Fig. 3.1.3. A). These peptides are used to form 

transmembrane channels that transport ions and small polar molecules. Amphipathic 

cyclic peptides, on the other hand, can lie parallel to the membrane surface (Fig. 3.1.3. 

B), with the hydrophobic part inserted into the membrane, and the hydrophilic part 

pointing outwards, inserted at the heads’ level. These later peptides are believed to 

permeate membranes through a carpet-like mechanism, changing transmembrane 
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potential and/or gradient, disrupting the membrane and eventually causing cell 

death222.  

Altogether, the increased resistance to protease degradation due to the 

presence of D-amino acids allied with the robust secondary structure makes D-L-α-

cyclic peptides with the ability to self-assemble very promising antimicrobial peptide’s 

candidates115, 223, 224.  

 

 

 

Fig. 3.1. 3. Schematic representation of cyclic peptides’ nanotubes A. perpendicular to the membrane, B. parallel to the 

membrane. Their relative position depends on the CPs and membrane composition. 

 

  

A 

B 
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Chapter 4. The Problem and the Motivation 
 

Antimicrobial peptides are promising potential alternatives to treat infectious diseases, 

a subject of high urgency due to the alarming existence of extremely high pathogen 

acquired resistance to conventional antibiotics. Thus, the search for new and more 

effective antimicrobial drugs has been growing in the last decade. Cyclic peptides are 

part of this effort, and those involving D-amino acids can become a promising antibiotic 

group of compounds. Keeping in mind that their properties are dependent on the CP 

sequence, a question that can be raised is what are the critical factors for new and 

improved cyclic peptides? This was the main motivation of this thesis work.  

 

Ghadiri et. al 124 published a list of CPs with a diversity of structures that could 

be selective to target bacterial membranes. Thus, a starting cyclic peptide of known 

structure and recognized antimicrobial activity was chosen as a lead compound (CP1, 

a Ghadiri’s peptide), to later designing, synthesize and test new and improved 

antimicrobial CPs.  

CP1, c-[RRKWLWLW] has a rather “perfect” amphipathic structure - a part with 

three consecutive charged residues (two arginines and one lysine) to promote affinity 

to the negative charged bacterial membranes, and another with repeating tryptophan 

and leucine amino acids. Even though this CP has a quite good antimicrobial 

characteristics, it has very low solubility in aqueous solution due to the presence of the 

three tryptophan residues, requiring the use of the organic solvent DMSO for its 

solution characterization. Therefore, from this peptide a new peptide was synthetized in 

University of Santiago de Compostela in Professor Granja’s group, with improved 

aqueous solubility - CP2, c-[KSKSWPgKQ]. This peptide combines the presence of 

three charged lysine residues with polar non-charged residues (serine and glutamine) 

to increase solubility. The presence of propargylglicyne (Pg) allows further modification 

through the alkyne moiety. The underlined residues are D- amino acids. 

 

Thereafter, a second generation of three new and improved CPs was 

developed in Juan Granja’s group, using CP2 as a template. The lysine was replaced 

by arginine (CPR, c-[RSKSWPgKQ]) and a carbon tail of 10 and 14 carbons was 

added to CPR, attached to the Pg group, creating CPRT10, c-[RSKSWXC10KQ] and 

CPRT14, c-[RSKSWXC14KQ], respectively. X that denotes (S)-2-amino-3-(1λ2,2,3-

triazol-4-yl)propanoic acid to which a hydrocarbon tail is attached in the case of 

CPRT10 and CPRT14. The underlined residues are D-amino acids. The three peptides 
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are soluble in water, contain one hydrophobic residue (tryptophan, W, known to 

increase membrane anchoring), three charged residues (one arginine (R) and two 

lysines (K)), and three polar non-charged residues (one glutamine (Q) and two serines 

(S)).  

 

The phospholipid compositions used in this thesis to prepare model membranes 

that mimic bacterial membranes were DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-

(1’-rac-glycerol)), DMPE (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine) and 

binary mixtures of DMPE:DMPG with different molar ratios (3:1,1:1; 1:9) (Part III, 

publications II – V and manuscript VI). DMPC (1,2-dimyristoyl-sn-glycero-3-

phosphocholine) was also used to assess the toxicity towards eukaryotic membranes. 

POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) and POPG (1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)), lipids with unsaturated 

chains, where used in the leakage experiments (Part III, publication V). 

The liposomes used were multilamellar large vesicles (MLVs), large unilamellar 

vesicles (LUVs) and oligolamellar vesicles (OLVs), with significantly different sizes and 

polydispersity (see preparation methods in Part II, chapter 5 and Part III, publications 

II – V and manuscript VI). 

 

These peptides’ studies are divided into different publications, in Part III: 

 

Publication II – Studies of the first generation of cyclic peptides, CP1 and CP2, and 

their interactions with model membranes of DMPG and DMPE with different charge 

contents. In this chapter biophysical experimental techniques (DSC and ATR-FTIR with 

polarized light), were used together with CG-MD simulations to characterize their 

interactions and macromolecular assemblies when in contact with membranes with 

varying negative charge content.  

 

Publication III – ATR-FTIR was used to get structural information on CPR and 

CPRT10 in solution and/or in contact with DMPG membranes, namely characterizing 

the formation of self-assembled nanotubes. Polarized lens was combined with ATR-

FTIR to assess the orientation of the peptides as regarding the lipid membranes.  

 

Publication IV - The combination of biophysical experimental techniques (DSC and 

ATR-FTIR) and CG-MD simulations was again used to study the second generation 

cyclic peptides CPR, CPRT10 and CPRT14, aiming at understanding their interactions, 
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macromolecular assemblies and eventually unveil their mechanism of action in 

membranes composed by DMPG and DMPE with different charge contents. 

 

Publication V – Fluorescence spectroscopy was used to assess the partition of the 

second generation of cyclic peptides CPR, CPRT10 and CPRT14, to membranes of 

DMPG and DMPE:DMPG (1:1), using the peptides’ intrinsic fluorescence. The peptide-

induced membrane leakage pattern was followed using an encapsulated fluorescent 

dye, fluorescein.  

 

Manuscript VI - X-ray scattering techniques (SAXS and WAXS) were used to 

characterize the CPs influence on the structure of selected lipid model membranes. 

MLVs of DMPE were characterized, and the effect of CP1, CP2, CPR, CPRT10 and 

CPRT14 on the membrane’s repeat distance assessed. Further, the most promising 

peptides, with proven antimicrobial activity, CPR, CPRT10 and CPRT14, were 

assessed also against OLVs of DMPE:DMPG (3:1), used as bacterial model 

membranes.  
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Chapter 5. Preparation of Lipid Model 

Membranes 
 

5.1. Materials 
 

All lipids used in this thesis were purchased from Avanti Polar Lipids, Alabama, USA 

and used as received (Table 5.1).  

 

Table 5. 1. Name, Temperature of gel to liquid crystalline phase transition (Tm), structure and Mw of each lipid used in 

this thesis. 

 

Phospholipids Tm/°C Structure Mw/gmol-1 

PHOSPHATIDYLCHOLINE 

DMPC 

14:0 PC 

1,2-dimyristoyl-sn-glycero-3-phosphocholine 

24 

 

677.50 

PHOSPHATIDYLGLYCEROL 

DMPG 

14:0 PG 

1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

23 

 

688.43 

POPG 

16:0-18:1 PG 

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) 

-2 

 

770.51 

PHOSPHATIDYLETHANOLAMINE 

DMPE 

14:0 PE 

1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine 

50 

 

635.45 

POPE 

16:0-18:1 PE 

1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine 

25* 

 

717.53 

* POPE presents also a fluid to hexagonal transition, at 71°C 

 

All other reagents were from Merck, Germany. All solutions were prepared 

using ultra-pure water from a Millipore system, with resistivity 18.2 MΩ cm at 25 °C. 
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5.2. Lipid Film Preparation 
 

The pure lipid or the mixtures at different molar ratios were weighted in a Mettler 

Toledo balance (± 0.0005 g) in appropriate amounts and dissolved in a round bottom 

flask in an azeotropic mixture of chloroform/methanol (87.4:12.6 %(v/v)), since at this 

proportion chloroform and methanol form an azeotropic mixture, which guarantees that 

the solvent composition is maintained through the solvent evaporation process. A lipid 

film was obtained by evaporating the azeotropic mixture, either under vacuum at a 

rotary evaporator at 70 °C or under a slow flux of N2. The films were then kept over-

night under high vacuum (< 10 mbar) to remove any trace of the organic solvents.  

 

Thereafter, the lipid films were then hydrated for 30 minutes with i) a previously 

warmed buffer HEPES (10 mM HEPES, 150 mM NaCl, 0.02% NaN3, 1 mM EDTA, pH 

7.45, with 0.7% DMSO when CP1 is studied), for DSC, fluorescence and SAXS 

experiments; ii) water for ATR-FTIR experiments; iii) with a 40 mM carboxyfluorescein 

solution for leakage experiments - at ca. 10 °C above the gel-to-liquid crystalline phase 

transition temperature (Tm).  

The lipids suspension obtained after hydration underwent several cycles of 

vortex/incubation at a temperature above Tm, creating a multilamellar vesicles 

suspension (MLVs). The MLVs were frozen in liquid nitrogen and thawed above Tm, a 

sequence repeated 3 times.  

 

In the case of the samples used in SAXS (manuscript VI), peptide solutions 

prepared in the same buffer as the liposomes, were added at different lipid-to-peptide 

(L:P) ratios to the MLVs (DMPE) and OLVs (PE:PG) suspensions, and the samples 

were incubated for 30 min above Tm. The samples were then transferred with a long 

needle syringe to into glass capillaries (Spezialglas Markröhrchen 1.5 mm capillaries; 

Glass Technik 37 & Konstruktion – Müller & Müller OHG, Germany), and centrifuged 

for 2 min at 2000 g. This step was carefully repeated until a deposit and a significant 

amount of supernatant in the capillaries were seen, to guarantee that all samples were 

studied at high water contents. Lastly, the capillaries were sealed by a melted 

commercial wax.  

 

When large unilamellar vesicles (LUVs) were used (see Publications II – V), 

they were then obtained through extrusion of the MLVs using two staked polycarbonate 

filters with a pore diameter of 100 nm (Whatman, Nucleopore (NJ, USA)), in either a 10 

mL stainless steel extruder from Lipex Biomembranes Inc. (Vancouver, Canada), under 
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inert (N2) atmosphere (DSC in publications II and IV, Fluorescence samples for 

publication V), or with a manually powered extruder of 500 𝜇L capacity (Liposofast-

Basic (BPS, UK)) (ATR-FTIR, publications II, III and IV, and leakage samples, 

publication V ). Three sequences of extrusion/vortex/freeze-thaw were made, followed 

by 15-20 passages through the extruder. The final phospholipid concentration was 

determined using a modified version of the Bartlett phosphate assay1. 

The average particle size of the obtained LUVs was measured by dynamic light 

scattering (DLS) on a Malvern Zetasizer Nano ZS from Malvern Instruments (Malvern, 

UK). The measurements were performed above the transition temperature (Tm) at a 

total lipid concentration of 0.1 mM, using a He-Ne laser (wavelength 633 nm) as a 

source of incident light, and operating at a scattering angle of 173°.  

The Buffer properties (refractive index, density and viscosity) to be used in the 

DLS measurements were determined at 37°C and 60°C (see Supplementary Material 

of publication II). 

 

 

 

Fig. 5.2.1. Schematic representation of liposome’s preparation, involving all steps of solubilization in the organic solvent, 

evaporation, hydration, vortex and freeze-thaw, and final form (MLVs and LUVs). 
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Chapter 6. Biophysical Techniques Used in 

the Study of the Interactions of 

Antimicrobial Cyclic Peptides and Lipid 

Model Membranes  
 

6.1. Differential Scanning Calorimetry  
 

Phospholipids have thermotropic changes transitions, i.e., phase transitions induced by 

temperature change (see chapter 1, section 1.1)., that are thus very easy to 

determine by differential scanning calorimetry (DSC). Differential scanning calorimetry 

is an experimental technique that follows the heat capacity of a system as a function of 

temperature change, under controlled rate conditions. This technique is fundamental 

for determination of lipid temperature-induced phase transitions2-5 and has emerged as 

a most valuable tool to study peptide-membrane interactions. 

To study the interaction of cyclic peptides with different bacterial membrane 

models, a power-compensated DSC (VP-DSC by MicroCal/Malvern) was used. In this 

apparatus the sample cell and the reference cell are heated (or cooled) at constant 

temperature rate, at constant pressure, in a block is surrounded by an adiabatic jacket 

(Fig. 6.1. A).  During the scan, the same power is delivered to both cells by the heaters 

positioned under each cell. When a thermal event occurs in the sample cell, the power 

delivered to this cell is either decreased on increased (depending on the exothermic or 

endothermic nature of the process), to still keep the temperature difference between 

the two sides close to zero. The differential power between the two cells, reference and 

sample, (DP), will rise in the positive or negative direction, if endo- or exothermic 

processes occur, respectively. The power signal is recorded as a function of time (heat 

flux) and can thus be easily converted to heat capacity (𝐶𝑝) as a function of 

temperature by use of then scanning rate6, 7, i.e., using the ratio between the heat flux 

(
𝑑𝑄

𝑑𝑡
)  and the scanning rate (

𝑑𝑇

𝑑𝑡
): 

 

𝐶𝑝 =

𝑑𝑄
𝑑𝑡

𝑑𝑇
𝑑𝑡

⁄ =
𝑑𝑄

𝑑𝑇
         

(6.1.1) 

 

From this, the enthalpy of transition (ΔtransH) can be obtained by integration of 

the Cp vs T curve, in the appropriate transition interval8, as: 
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∆transH = ∫ 𝐶𝑝 𝑑𝑇
𝑇2

𝑇1

 
(6.1.2) 

 

Integrating the curve 𝐶𝑝/𝑇 as a function of T provides the entropy change of the 

phase transition as: 

 

∆𝑆 = ∫  
𝐶𝑝(𝑇)

𝑇
 𝑑𝑇

𝑇2

𝑇1

 

(6.1.3) 

The DSC experiment provides also information on the transition temperature 

(Tm), which is the temperature of maximum Cp, and insight into the cooperativity of the 

thermotropic phase transition, as it is proportional to the peak width9. The van’t Hoff 

enthalpy (ΔHVH) is derived from the shape analysis of the calorimetric Cp=f(T) data, but 

can be easily estimated as:  

 

∆𝐻𝑉𝐻 =
4 × 𝑅 × 𝑇𝑚

2 × 𝐶𝑝,𝑚𝑎𝑥(𝑇𝑚)

∆𝑡𝑟𝑎𝑛𝑠𝐻
 

(6.1.4) 

 

Importantly, the ratio ΔHVH/ΔtransH provides the size of cooperative domain, i.e., the 

number of lipids per cooperative unit at the phase transition.  

The half width at half height of the transition (HWHH) is widely used to compare 

the cooperative of the transitions. As an example, we can see the gel to fluid phase 

transition of MLVs and LUVs, prepared from the same lipid. (Fig 6.1.C). The transition 

peak for MLVs will appear as a much sharper peak as compared to then one for LUVs, 

and consequently smaller values of HWHH are obtained for the former. 

The DSC can be used as screening tool to establish the influence of a 

component added to the liposome preparation, being an easy and fundamental tool in 

this regard, as it produces a ‘fingerprint’ of the interactions. In present study, DSC was 

used to characterize the effect of the peptides on the lipid model membrane’s phase 

transitions. In all cases, the effect of the peptide on the transition shape, width, Tm and 

transH was observed and analyzed to understand the peptide/lipid interactions present.   
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Fig. 6. 1. A. Schematic representation of the DSC apparatus here used. Temperature differences between the 

reference cell and the sample cell are measured and the difference is maintained close to zero by a feedback heating 

system. B. Thermogram of main lipid transition, gel to fluid phase, where Tm.is the temperature of maximum Cp C. 

Thermograms for MLVs and LUVs of the same lipid, DMPC. Differences can be observes as regarding maximum in the 

intensity of the peaks, cooperativity (HWHH), and the presence of clearly seen pre-transition for MLVs10. 

 

  

Gel-phase Fluid-phase 

Tm 

A B 

C 
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6.2. Polarized Attenuated Total Reflection Fourier 

Transform Infrared Spectroscopy  
 

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) is a 

useful method for the identification of the chemical nature, orientation, and 

conformation of molecules at an interface. As shown in publications II, III and IV, this 

spectroscopic technique allows structural characterization of peptides and proteins, as 

well as their interactions with membranes, without the need of external labelling 

probes, and with only a few micrograms of sample11-14.  

FTIR spectroscopy uses modulated, mid-infrared energy, and the infrared light 

is absorbed at specific frequencies that are directly related to the atom-to-atom 

vibrational bond energies in the molecule. When the bond energy of the vibration and 

the energy of mid-infrared light are equivalent, the bond can absorb that energy. As 

different bonds in a molecule vibrate at different energies, they will absorb at different 

wavelengths of the IR radiation. The position (frequency) and the intensity of these 

individual absorption bands contribute to the overall spectrum, creating a characteristic 

fingerprint of the molecule. 

ATR-FTIR directs an infrared light beam through a trapezoidal high refractive 

index medium, transparent to the infrared radiation of interest, resulting in an 

evanescent wave at the reflecting interface (Fig. 6.2). Therefore, the ATR accessory 

measures the changes that occur in an internally reflected Infra Red (IR) beam when it 

comes in contact with the sample. As a result, in regions of the IR spectrum where the 

sample absorbs energy, the evanescent wave will be attenuated. The attenuated beam 

returns to the crystal, and exits its opposite end, being finally directed to the detector in 

the IR spectrometer, which records the attenuated IR beam as an interferogram signal, 

which can then be used to generate an IR spectrum. 

A total reflection of the beam when it impinges on the surface of the internal 

reflection element (IRE) occurs below a critical angle, and is dependent on the 

refractive index of the material and on the external medium15. An evanescent wave, 

whose amplitude falls off exponentially with the distance, 𝑧∗, from the interface, with a 

characteristic decay length (depth of penetration, 𝑑𝑝), is created by the superimposition 

of incoming and reflected waves, aligned with the normal of the totally reflecting 

surface11, 16. The relation between these parameters can be found in Eq. 6.2.1. 

 

𝐸 = 𝐸0exp−𝑧∗/𝑑𝑝 (6.2.1) 
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where 𝐸0 is the time averaged electric field intensity at the interface, in the rarer 

medium (medium whose particles are loosely packed), 𝐸, is the time averaged field 

intensity in the rarer medium at a distance 𝑧∗ from the interface and 𝑑𝑝 is the depth of 

penetration of the evanescent field. 

 

𝑑𝑝  =
𝜆/𝑛1

2𝜋√(sin2 𝜃 − (
𝑛2
𝑛1

)
2

)
 

(6.2.2) 

 

where 𝜆 is the wavelength of the IR light, 𝑛1 and 𝑛2 are index of the internal reflection 

element and external medium, respectively, and 𝜃 is the angle of incidence. This 

evanescent field makes the interaction between infrared light and the sample on the 

surface of the IRE possible, within the penetration depth of the field. Thus, the samples 

should be as must possible in contact with the IRE, and for this, films of membranes, 

with or without proteins or peptides are produced, simply by evaporating the solvent 

prior to the measurement11, 17.  

 

 

 

Fig. 6. 2. Representation of the light pathway of an ATR-FTIR system (from IR Source to the detector). The IR beam 

passes through the ATR crystal that has the sample on the top. The evanescent wave penetrates and is absorbed by 

the sample. The polarizer generates parallel (E||) and perpendicular polarized incident beam (E⊥). Adapted from18. 

 

All molecules present in the path of the evanescent field contribute to the 

spectrum, where different bands need to be analyzed to obtain structural information. 

In this study, as the goal is to study antimicrobial D,L-α-cyclic interactions with lipid 

membranes, as well as to determine their relative position, the lipid membrane 

spectrum needs to be obtained with the phospholipids parallel to surface and in close 

contact with the IRE surface. To this, a lipid film is produced at the crystal surface by 

slowly evaporating the LUV suspension under a stream of nitrogen, obtaining oriented 
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multilayer stacks, as described previously11, 17. The same procedure is adopted for the 

peptide in solution and when the suspension contains mixtures of lipid and peptide. 

The study is performed in two steps: i) analysis of the ATR-FTIR spectra to get 

structural information on the peptides in solution and/or in contact with the 

membranes, and ii) analysis of ATR-FTIR dichroic spectra acquired by using a 

polarizer, with subsequent calculation of the dichroic ratios. 

Structural information on the peptides can be obtained by the analysis of amide 

I (1600-1700 cm-1) and amide II (1510-1580 cm-1) absorption bands. These bands help 

in revealing secondary structures that peptides and proteins may adopt in/without the 

presence of lipids. The main absorption bands associated with the lipid groups are i) 

the ester carbonyl stretching band (~1730 cm-1) that is sensitive to hydrogen bonding 

and is used to monitor hydration at the membrane-water interface and ii) the methylene 

vibrations of the fatty acyl chains (~2850 cm-1 for symmetric stretch and ~2920 cm-1 for 

antisymmetric stretch), that can be related with the physical properties of lipids under 

various conditions, being very sensitive indicators of hydrocarbon chain-melting phase 

transitions19, 20. 

When polarized lens is used together with ATR-FTIR (polarized ATR-FTIR), 

information about the orientation of phospholipids in the lipid membrane and of the 

peptides relative to the membrane normal can be obtained. For this, the dichroic ratio 

(RATR) is calculated from the ratio of the integrated absorption for parallel (𝐴ǁ) vs 

perpendicular (𝐴⟘) polarized incident light11, 21: 

  

𝐑𝐀𝐓𝐑  =
𝐀ǁ

𝐀⟘
=

∫ 𝐀
ǁ

(𝛖) 𝐝𝛖

∫ 𝐀
ǁ

(𝛖) 𝐝𝛖
 (6.2.3) 

 

In Eq. 6.2.3 ∫ A
𝑖

(υ) dυ denotes the absorbances integrated through an entire 

absorbance band for parallel or perpendicular polarized incident light. The lipid in the 

bilayer as well as the present peptides/proteins can have fluctuations, and dichroic ratio 

can thus be related to an orientational order parameter (𝑆). For axially symmetric 

distributions (R=1), it is possible to calculate order parameters as:  

 

𝑺 = (𝟑 𝒄𝒐𝒔𝟐𝜽∗ −  𝟏)/𝟐 (6.2.4) 

 

where 𝜃∗ is the angle between the main axis of symmetry of the element of interest 

also denominated as molecular director, and the membrane normal. When the 
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molecules suffer a perturbation, they will present an angle tilt (𝛾0), relative to the IR 

beam (R≠1)11, 16, 20: 

 

𝑅 = 1 +  3 𝑠𝑖𝑛2𝛾 𝑆 / ( 1 −  𝑆 ) (6.2.5) 

 

where S is the order parameter between the angle of the transition dipole moment and 

the normal of IRE and 𝛾 is the angle of incidence of the IR beam.  𝛾 can be related to 

𝛾0 by the Snell’s law, and the refractive index (𝑛)20: 

 

𝛾 = 𝑠𝑖𝑛−1(sin 𝛾0 /𝑛) (6.2.6) 

 

Qualitative analysis of dipole moment deviations is important to determine peptides’ 

orientation for certain groups and can be obtained from the subtraction of 𝐴⟘ to 𝐴ǁ 

polarized spectra. As an example, if the difference spectra show a negative peak for 

the Amide I band together with a positive one for the Amide II band (related to the 

amide C=O bonds) we can conclude that the peptide lies parallel to the membrane 

plane. 

 

6.3. Fluorescence 
 

Fluorescence spectroscopy is versatile technique that can be applied characterize the 

partition of molecules to model membrane systems if they possess a fluorophore. It is 

an extremely sensitivity technique, of minimal induced perturbation, where intrinsic 

timescale is appropriate to follow dynamic processes that take place in membranes 22-26  

Fluorescence is a type of luminescence, where the emission of light from a 

molecule (fluorophore) occurs, caused by absorption of photons, exciting a molecule to 

excited states27. The mechanism of the excitation/relaxation in the molecule can be 

illustrated through the Jablonski diagram (Fig. 6.3. A).  
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Fig. 6. 3. A. Jablonski diagram showing the occurrence of fluorescence emission after excitation (absorption) of an 

electron from the singlet ground state (S0) to the excited state (S2). Other effects are also represented27. B. 

Representation of the Stokes shift, i.e., the difference in wavelength/energy between the excitation and emission 

spectra, reflecting the difference in absorption and emission energies. 

 

Following light absorption by the fluorophore, the excitation process from the 

ground state (S0) to the excited state level (S1 or S2) is very fast. After excitation, the 

molecule is quickly relaxed to the lowest vibrational level of the excited electronic state 

(S1). This process, called internal conversion, occurs on a timescale of picoseconds or 

less. Fluorescence emission occurs as the fluorophore returns from the singlet 

electronic excited state to any vibrational state of the electronic ground state (S0). 

Fluorescence emission typically occurs at longer wavelengths, i.e., lower energy of 

emission as compared to absorbance -this shift is known as Stokes Shift (Fig. 6.3. B). 

and the emission spectra are usually independent of the excitation wavelength27.  

In this thesis, we used fluorescence mainly to follow peptide’s partition to the 

membranes. In this case, the fluorophore was the amino acid tryptophan, present in all 

the studied cyclic peptides. Tryptophan has a dominant indole group that absorbs near 

280 nm and emits near 340 nm. Its emission spectrum is highly sensitive to solvent 

polarity and its emission may be blue shifted if buried and shift to longer wavelengths if 

exposed to the solvent. For the partition studies we used steady state fluorescence 

(SS) and time-resolved fluorescence spectroscopy (TRFS). Fluorescence techniques 

were further use in the study of the peptides induced leakage experiments, and in this 

case using an extrinsic fluorophore, carboxyfluorescein, that was encapsulated in the 

model membranes (publication V).  

Detailed information on the mathematic framework and models used with these 

techniques can be found in the referred publication V.  

  

A B 
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6.4. X-ray Diffraction 
 

X-ray diffraction (or scattering) is a fundamental method for the determination of 

structure of condensed and soft matter 28. In diffraction measurements, an X-ray 

photon beam with a specific wavelength interacts with an electron cloud of atoms of a 

sample and scatters elastically, i.e., without losing or taking up energy from the atoms.  

When a X-ray beam hits a lyotropic liquid crystal, due to their long range 

periodicity and short range disorder, a reduced number of sharp diffraction peaks from 

the sample appears. These diffracted beams should be as sharp as the incident beam, 

although due to a variety of factors, like crystallite size, disorder, or homogeneity, they 

can be broadened29, 30. The incident X-ray beam on a set of periodic points in a lattice 

may lead to the maximum diffraction in certain directions, in which scattered X-rays are 

in the same phase 31. Therefore, diffraction peaks, referred to as Bragg peaks and 

represented by diffraction patterns, are obtained by the reflection of different planes, 

spatially averaged32-34. Each of these Bragg peak fits with a specific lattice plane due to 

reciprocal lattice points, as explained next. 

The electron density profile (recorded intensity) needs to be transformed by the 

Fourier transform, where a form factor F(𝑞) is obtained, that varies as a function of the 

modulus of the scattering vector 𝑞, resulting from the photon wavelength λ and the 

scattering angle 2Ɵ32: 

𝑞 = 
4𝜋𝑠𝑖𝑛Ɵ

𝜆 
 (6.4.1) 

 
The intensity distribution of a system can be affected by particle size, volume, contrast 

(electron density), sample to detector distance, resolution, or beam collimation.  

 

 

 

Fig. 6. 4. Schematic representation of X-Ray scattering setup, with WAXS and SAXS detector, where 2Ɵ is the 

scattering angle for SAXS detector and 2β for the WAXS detector. 
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X-ray techniques can be used to study lipid systems, since they allow to study 

positional correlations of lipid aggregates on various length scales. The lipids’ electron 

density in lamellar phases varies across the lipid bilayer (Fig. 6.5). X-rays are sensitive 

to the electron rich phosphate of the headgroup, and quite insensitive to the choline 

group, thus the corresponding electron density profile can be represented by the 

summation of three Gaussians distributions, two centered at the electrodense lipid 

head groups and one of negative amplitude in the middle of the bilayer, where the 

hydrocarbon chains meet.32 35, 36.  

 

 

Fig. 6. 5.  The electron density profile of lipid bilayers across the membrane, represented by the summation of three 

Gaussians. ZH is the position of the headgroup, i.e., corresponds to the distance between half of the lipid’s headgroup 

and the end of the tail (the double layer center), and 2σH is twice the head’s width. The membrane thickness, dB, and the 

boundary of the hydrocarbon region, 2dC, can be determined using parameters from the gel phase, by following 

dB=2(ZH+2σH)36. Adapted from32. 

 

X-ray diffraction measurements are a powerful tool to give structural information 

on lipid mesophases as well as on polymorphic changes in the lipid bilayer. They are 

widely applied to lipid model membranes, as lipid dispersions in water form structures 

with long-range periodic order that will diffract the X-rays in a particular pattern, 

depending on the existent phase and the respective space group37, 38. 

Lipid studies use mostly Small Angle X-ray Scattering (SAXS) and Wide Angle 

X-ray Scattering (WAXS). In the case of SAXS, X-rays of wavelength 0.1-0.2 nm are 

scattered by the lipid/water sample at very low angles (0.1 – 10o). Using this angular 

range provides information on the characteristic distances of partially ordered materials 

such as multilamellar liposome preparations. As regarding WAXS, information is 

gathered on structures of sub-nanometer size, using angles > 5o. Therefore, the small 

angle region of the diffraction pattern in SAXS measurements is used to identify the 

symmetry that defines the phase, providing structural information on macromolecules 
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with sizes between 5-25 nm, with repeat distances in partially ordered samples up to 

150 nm, while WAXS can give information on the molecular packing, or the short-range 

organization, i.e., the packing of the lipid acyl chains, being used to differentiate 

between the various lamellar phases37.  

If an ordered mesophase is present (e.g. lamellar, hexagonal or cubic phases), 

sharp Bragg peaks will appear in the low-angle region of the diffraction pattern. These 

Bragg reflections have reciprocal spacing in characteristic ratios for each phase 

allowing their identification (Table 6.1) 39.  

 

Table 6. 1.  Lipid mesophases and the respective order ratios of the Bragg reflections that allow their identification by X-

ray. d is the repeat distance in lamellar phases, and h, k, and l are the Miller indices that characterize hexagonal and 

cubic phases.  

 

Mesophase index 

Lamellar   Sl=l/d 1,2,3,4,… 

Hexagonal    Shk= 2(h2+k2-hk)1/2/√3a 1, √3, 2, √7, 3 , √12, √13, … 

Cubic    Shkl= (h2+k2+l2)1/2/a 1, √2, √3, 2, √5, √6, √8, 3 , … 

(Shkl=1/ dhkl) 

 

The crystallographic space group to which the phase belongs is determined 

once the lattice type is identified, although a corrected Bragg peaks’ detection is not 

always simple in these soft matter systems, due to the thermal disorder inherent in 

liquid-crystalline phases, which decreases the intensities at larger diffraction angles 39.  

Besides of structures’ determination, it is also possible to derive bilayer 

thickness from SAXS, through the application of Bragg’s law, measuring the distance 

between the theoretical planes: 

 

2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛Ɵ = 𝑛𝜆  (6.4.2) 

 

Where 𝑛 is the order of the reflection, 𝜆 is the wavelength of radiation, 𝑑ℎ𝑘𝑙 is 

the distance between repeated planes in the lattice, and 2Ɵ is the scattering angle39.  

X-ray scattering experiments are thus ideal for studying the structure and dynamics of 

lipid membranes, as well as their structural changes induced by changes in 

temperature, pressure, pH, ionic strength, etc. As regarding the aim of this thesis, the 
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focus is on possible membrane structural changes induced by the antimicrobial 

peptides  - in lattice parameters and/or in the disappearance or appearance of different 

phases30. The analysis of structural changes induced by the studied antimicrobial cyclic 

peptides are reported in manuscript VI. 

 

6.5. Dynamic Light Scattering  
 

Dynamic light scattering (DLS) is a useful tool for the determination of the 

hydrodynamic radii of macromolecules, from the determined translational diffusion 

coefficient (𝐷𝜏′)40. Light scattering measures the amount of light scattered by a particle 

in solution at some angle relative to the incident light beam, where the emitted light has 

the same wavelength as the incident light. In solution, particles usually present 

Brownian motion caused by thermal density fluctuations in the solvent41, that are 

dependent on their size, temperature, and solvent viscosity42. In DLS, when a 

monodisperse spherical particle is isolated, the fluctuations in intensity of the scattered 

light at a single angle are detected and analyzed with an autocorrelation function, 

against short delay times (𝜏′)43:  

 

g (𝜏′ ) = 1+b exp (−2𝐷𝜏′  𝑞2𝜏′) (6.5.1) 

 

where b is a constant depending on the optics and the geometry of the instrument, 𝜏′ is 

the characteristic time decay, 𝐷𝜏′ is the translational diffusion coefficient and q is the 

scattering vector. This last parameter is provided experimentally by the scattering angle 

(𝜃’) and the wavelength of the incident light (λ), depends on the solvent refractive (𝑛0 ), 

and their overall relationship can be expressed as43, 44: 

 

|𝑞| = 
4𝜋𝑛0 

𝜆 sin (
Ɵ

2
)
 (6.5.2) 

 

In the used Malvern Zetasizer DLS instrument a correlogram is generated 

where a raw correlation function is plotted against the delay time (𝜏′), and 𝐷𝜏′  is 

obtained by data fitting. If the particle can be considered a sphere (in our case the lipid 

vesicles LUVs), 𝐷𝜏′ can used to calculate the hydrodynamic radius from the Stokes-

Einstein equation: 

 

Rh=
𝑘B𝑇

6πη𝐷𝜏′  
 (6.5.3) 
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where Rh is the hydrodynamic radius, defined as the radius of a hypothetical sphere 

that diffuses at the same rate as the particle under investigation, 𝑘B is Boltzmann’s 

constant (1.380 × 10−23 kg.m2.s−2.K−1)45, T is the absolute temperature, 𝜂 is the viscosity 

of the medium and 𝐷𝜏′ the translational diffusion coefficient46-48  

The polydispersity index (PDI) is another important parameter that can be 

obtained from DLS measurements, as it characterized the dispersion of the LUVs 

prepared. PDI is calculated by the square of the standard deviation divided by the 

mean particle diameter. The PDI value may vary from 0 to 1, and in our preparations 

we always obtained values < 0.1, showing that we got monodisperse LUVs49, 50.  

DLS was used only used as a complementary method in the present thesis, to 

characterize the liposomes’ size and size distribution.  

 

6.6. Molecular Dynamic Simulations 
 

Biophysical experimental techniques are used to understand the functional structure, 

dynamics, and interactions involved in biological systems or their appropriate models.  

Although biophysical techniques have evolved immensely in the past decades, some 

limitations are still present, hardening the task of characterization and understand of 

the macromolecules, especially in complex environments. As such, gathering 

computational simulations with experimental techniques is a comprehensive approach 

that provides complementary information and thus helps the understanding of the 

studied phenomena. Molecular dynamics (MD) simulations have been used to reveal 

molecular motion at the atomic scale, in simple or even complex systems, and 

therefore have been widely used as a tool for studying the structural properties and 

dynamical behavior of biological systems, from peptides to proteins and also lipid 

membranes51-54. In MD simulations at the atomic scale the forces between atoms are 

calculated at every time step, to provide information on the structures and dynamics of 

the studied system. This type of simulations is defined as all-atom MD simulations 

(AA-MD)55. In AA-MD the complexity of the simulations increases with the number of 

atoms, and consequently the consumption of calculation time is very large. To bring 

MD simulations from the atomic scale to the mesoscale, the reduction of the systems 

complexity must be considered, by grouping atoms together into single particles called 

‘beads’ – this is done in the approach called Coarse-grained molecular dynamics 

(CG-MD). CG-MD is the most popular MD technique, due to calculation time 

constraints (with consequent costs), as each bead can represent three to five heavy 
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atoms together with their hydrogen atoms, and the bonds are not explicitly modeled. 

The coarse-grained models reduce the degrees of freedom in the system by up to an 

order of magnitude, and the effective forces between these CG beads can be derived 

from all-atom simulation trajectories. This mapping has the goal to replace functional 

groups by corresponding beads with representative levels of polarity and affinities to 

other chemical groups56, 57. 

 

Fig. 6. 6. Example of conversion of complexity between All-Atom and Coarse Grain 

 

In publications II and IV we present CG-simulations for the studied CPs and 

lipid systems. These studies were performed by co-workers and the conditions used 

are there well described. This technique was used to get detailed information of CPs in 

solution and their model membrane interactions, showing the macromolecular 

structures/assembling adopted. The overall discussion of experimental information and 

CG-MD results lead to a deeper understanding of the studied systems.  

 

6.7. Isothermal Titration Calorimetry 
 

Isothermal Titration calorimetry (ITC) is the golden calorimetric technique to directly 

determine the thermodynamic parameters associated to any interaction event. In 

biocalorimetry, that refers to process like the association of drugs, biological ligands or 

peptides to proteins or enzymes, as well as to lipid model membranes58-62. 

ITC presents very significant advantages for this goal, such as allowing the 

interaction to be monitored in solution, not requiring labelling of the reactants and has a 

high-content information in a single experiment (as will be shown below). This richness 

usually counteracts its often-referred disadvantages, such as being a time consuming 

and low throughput technique, requiring significant sample consuming and being often 

difficult to model, leading to intricate data analysis. 
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The most sensitive ITC instruments, called micro- and sometimes even nano-

calorimeters are designed as twin instruments, with two identical cells. They can work 

based on heat conduction or power compensation principles. The one used in this 

thesis was of the power compensation type, where the twin cells (measuring and 

reference cells) are enclosed in an adiabatic jacket, working basically at constant 

pressure and temperature. Each cell has a heater, and under resting condition they 

deliver the same power to each side, keeping the temperature difference between the 

side close to zero (T0). The measuring cell contains the titrand, and the reference 

cell the solvent in use. The typical ITC experiment consists on the sequential addition 

of aliquots of chosen, defined volume of the titrant solution (contained in a motor 

driven precision syringe) into the titrand contained in the measuring cell, resulting in 

either an exothermic or endothermic reaction depending on the partition/binding 

process under study63 (Fig. 6.7). When a reaction occurs between the titrand and the 

titrant, a momentaneous temperature change takes place in the measuring cell, which 

is promptly compensated by a feedback system that operates to keep the temperature 

difference between the sides close to zero (T0). Therefore, the power delivered to 

the measuring cell is either increased or decreased, depending of the process being 

endothermic or exothermic64. 

 

  

Fig. 6. 7. A. Typical schematic representation of the used ITC instrument. B. left panel. Example of an exothermic 

binding reaction titration curve. Right panel. Corresponding heat exchange per injection (obtained from the integration 

of each peak), plotted as a function of the molar ratio between the titrant and the titrand in the in the cell after each 

injection  

 

The heat exchange involved in the binding/partition can be quantitatively 

determined by integration of the power vs time curves, i.e., in the initial data processing 

A B 
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the integral of each peak is automatically multiplied by the calibration constant and 

divided by the number of moles of the chosen reactant. Fitting an appropriate model to 

the obtained data (Fig 6.7 B, right panel) with the will give us the enthalpy change (ΔH) 

and the binding affinity, Ka (in ligand binding experiments) or the partition constant Kp 

(in partition experiments). From these, the standard Gibbs energy change (ΔG°) can be 

calculated using the equation65: 

 

ΔG°=-RT ln K (6.7.1) 

 

where R is the gas constant and T is the absolute temperature. Note that different 

notations are sometimes used in ligand binding experiments, namely the binding 

affinity or association constant (Ka) and the dissociation constant (Kd), but they are 

easily related as Ka=1/ Kd 66. From the thermodynamic parameters ΔH° and ΔG°, the 

standard change in entropy (ΔS°) can also be calculated as: 

 

ΔG°= ΔH°-TΔS° (6.7.2) 

 

Another parameter is obtained from most software dealing with ligand binding 

ITC data, often referred to as n value or the “stoichiometry” value for the binding 

reaction. It should be stressed that n only represents the stoichiometry if the 

concentrations of titrant and titrand are known with high accuracy. In other cases, as 

the “binding stoichiometry” is usually implicit in the binding model chosen for data 

analysis, the parameter n reflects the possible uncertainties in the concentrations of 

titrant and titrand. In different softwares used for ITC data treatment it is possible to 

choose whether the correction factor/competent fraction n (or its complementary value, 

the reactant incompetent fraction) is to be applied to the titrant (in the syringe) or to the 

titrand (in the cell). These and other important issues in ITC experiments are discussed 

in publication VII. 

One important aspect to be considered for obtaining isothermal titration 

calorimetric experiment with high quality, is the calculation of the “c-value” when 

planning the experiment. It equals the product of the binding affinity and the actual 

concentration of the titrand solution ([P]0) in the measuring cell (the total binding site 

concentration) or by the ratio to the dissociation constant as 63, 66: 

 

c= n Ka [P]0 = n [P]0 / Kd (6.7.3) 
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As can be seen in Fig. 6.8 the shape of the curve changes significantly with the 

c-value. 

 

Fig. 6. 8. Plot of ITC titrations representing the heat of injection vs. injection number simulated for different c values. 

Adapted from67.  

 

When c > 1, an inflection point will appear in the binding, a condition needed for 

proper determination of K values in ligand-binding experiments. Previously the 

recommended c values were 50 < c < 500 , but more recently S. Keller et al67, 

suggested that c= 40 still produce good ITC curves, based on analysis of the noise 

levels typical of present instruments.  

To accurately measure the thermodynamic parameters characterizing the 

interactions between the species contained in the syringe (titrand) and in the cell 

(titrant), one should perform careful measurements in a precise, well-maintained, and 

calibrated ITC instrument. Thus, appropriated standardization tests should be used 

regularly to evaluate the instrument performance, together with the use of appropriate 

metrics for comparing precision and accuracy, and also to evaluate inter-experiment 

variability. In publication VII, a very thorough multi-laboratory benchmark 

standardization study is presented, using two test reactions, the binding of Ca2+ or Mg2+ 

to ethylenediaminetetraacetic acid (EDTA), in different buffer conditions, at 25°C. (Fig. 

6.9). 

 

 

 

 

 

 

Fig. 6. 9. Drawings representing the species involved in the chemical reactions studied in publication VII where M2+  

represents either Ca2+ or Mg2+. 

+  M 2+ 
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The experimental details used are well described in publication VII, together 

with data analysis using different softwares and discussion of the possible influence of 

instrument and/or user. This work was performed in the beginning of this thesis work, 

as the initial plan included the use of ITC to characterize the partition of the peptides to 

lipid model membranes. Finally, only preliminary experiments of some peptides and 

lipids systems were performed, and they are thus not included in this thesis.  
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A. Materials and Methods of CPs Synthesis 

Commercially available N-Boc-α-amino acids, N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-

b]pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide (N-

HATU), N-[(1H-benzotriazol-1-yl)-(dimethylamino)methylene]-N-methylmethanaminium 

hexafluorophosphate N-oxide (N-HBTU) and N-[(1Hbenzotriazol-1-yl)-

(dimethylamino)methylene]-N-methylmethanaminium tetrafluoroborate N-oxide (N-

TBTU)[2] were all used as obtained from Sigma-Aldrich, Novabiochem, Applied 

Biosystems, Bachem or Iris Biotech. Deuterated solvents (CDCl3 and D2O) were 

obtained from Aldrich. All other reagents obtained from commercial suppliers were 

used without further purification unless otherwise noted. Dichloromethane and 

piperidine were dried and distilled over calcium hydride.  

N,N-Diisopropylethylamine (DIEA) was dried and distilled over calcium hydride, and 

then redistilled over ninhydrin.[3,4] 

Analytical thin-layer chromatography was performed on E. Merck silica gel 60 F254 

plates. Compounds which were not UV active were visualized by dipping the plates in a 

ninhydrin solution and heating. Silica gel flash chromatography was performed using  

E. Merck silica gel (type 60SDS, 230-400 mesh). Solvent mixtures for chromatography 

are reported as v/v ratios. HPLC purification was carried out on Phenomenex Luna 5 

µm silica column with CH2Cl2/MeOH gradients between 100 and 85:15 (normal phase) 

and Zorbax C18, Phenomenex Luna 5µm C18 and Agilent Eclipse XDB-C18 columns 

with H2O MiliQ® (0.1% TFA)/MeCN (0.1% TFA) gradients between 100 and 5:95 

(reverse phase). Purifications using HPLC systems were carried out using Hitachi D-

7000, Agilent 1100, Jasco 4000 and Waters 2489 instruments. 

Proton nuclear magnetic resonance (1H NMR) spectra were recorded on Varian Inova 

750 MHz, Varian-Inova 500 Mhz, Varian-Mercury 300 MHz or Bruker WM 250 MHz 

spectrometers. Chemical shifts (δ) were reported in parts per million (ppm) relative to 

tetramethylsilane, and the coupling constants (J) were reported in Hz. 1H NMR splitting 

patterns are designated as singlet (s), doublet (d), triplet (t), quartet (q) or pentuplet (p). 

Splitting patterns that could not be easily interpreted are designated as multiplet (m) or 

broad (br). Carbon nuclear magnetic resonance (13C NMR) spectra were recorded on 

Varian-Inova 500 MHz, Varian-Mercury 300 MHz or Bruker WM 250 MHz 

spectrometers. Carbon resonances were assigned using distortionless enhancement 

by polarization transfer (DEPT) spectra obtained with phase angles of 135°. 

 
[2] L. A. Carpino, H. Imazumi, A. El-Faham, F. J. Ferrer, C. Zhang, Y. Lee, B. M. Foxman, P. Henklein, C. Hanay, C. 

Mügge, H. Wenschuh, J. Klose, M. Beyermann, M. Bienert, The uronium/guanidinium peptide coupling reagents: 
finally the true uronium salts. Angew. Chem. Int. Ed. 41(2002) 441-445. 

[3] H. C Brown, Organic Synthesis via Boranes, Ed. John Wiley & Sons, (1975). 
[4] D. D. Perrin, W. I. F. Armarego, Purification of Laboratory Chemicals, Ed. Pergamon Press, (1988). 



152    
 

FCUP 
Characterization of the Self-Assembling of antimicrobial D,L- α Cyclic 
Peptides at Bacterial Model Membranes 

 

 

Electrospray (ESI) mass spectra were recorded on a Bruker BIOTOF II mass 

spectrometer. Fast Atom Bombardment (FAB+) mass spectra were recorded on a 

Micromass Autospec spectrometer employing disulfide, glycerol or thioglycerol as 

matrix. FT-IR measurements were made on a JASCO FT/IR-400 and PerkinElmer FT-

IR Spectrum Two spectrophotometers using 5-10 mM in CHCl3 and placed in a CaF2 

solution IR cell.  

 1H NMR Assignments of Cyclic Peptides (CPs). The signals of the 1H NMR spectra 

of the peptides in CDCl3 were identified from the corresponding double-quantum-filled 

2D COSY, TOCSY and/or NOESY and ROESY spectra acquired at concentration and 

temperature indicated. Mixing times (~250 ms or 400 ms) were not optimized. Spectra 

were typically acquired using Bruker standard pulse sequences on 300 and 500 MHz 

apparatuses, and were referenced relative to residual proton resonances in CDCl3 (at 

7.26 ppm). 

 

A.1. Synthesis of CP1 

 

The cyclic peptide was prepared manually in solid phase using 2-Chlorotrytil 

chloride resin (2CTC, 400 mg, 1.6 mmol Cl-/g resin). Firstly, the resin was 

soaked in freshly distilled DCM (3 mL) for 1 hour. The solvent was filtered off, 

and a solution of N-α-(9-Fluorenylmethyloxycarbonyl)-l-Lysine allyl ester 

hydrochloride (340 mg, 0.83 mmol) and DIEA (200 μL, 1.25 mmol) in freshly 

distilled DCM (3 mL) was added to the resin. After 2 h, the solvent was filtered 

off and the resin was washed with DCM (4 mL). A mixture of DCM-MeOH-DIEA 

(8.5:1:0.5, 3 mL) was added and the resin was shaken twice for 10 min, then 

washed with DCM (3 x 2 mL) and DMF (3 x 2 mL). The resin was dried in under 

high vacuum and the loading was determined by quantification of the Fmoc 

group. For this, a small portion of the resin (ca 10 mg) was treated with a 

solution of piperidine in DMF (20% v/v, 2 mL) for 30 min. An aliquot of this 

solution (20 μL) is diluted to 1 mL DMF and the absorbance was read between 

290-301 nm. The concentration of the dibenzofulvene-piperidine adduct is 

obtained by using the extinction coefficients tabulated in the literature.[5] All the 

resin (400 mg, 0.56 mmol Fmoc/g resin, 0.224 mmol) was used for the synthesis 

of the peptide. The next amino acids were introduced in the resin following the 

deprotecting-coupling sequence:  the Fmoc group was removed by treatment 

 
[5 ] S. Eissler, M. Kley, D. Bächle, G. Loidl, T. Meier and D. Samson, J. Pept. Sci.; 23 (2017) 757–762 
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with piperidine/DMF (1:4, 2-3 mL) for 20 min. The resin was washed with DMF (6 

mL) and then the resin was treated with a solution of Fmoc-protected amino acid 

(0.672 mmol, 3 equiv mmol), HBTU (250 mg, 0.672 mmol, 3 equiv ) and DIEA 

(0.214 mL, 1.3 mmol, 6 equiv) in DMF (3 mL). The resin was shaken for 40 min 

and then washed with DMF (3 mL). After the coupling of the last amino acid, we 

proceed to remove the protecting groups of the N- and C-terminal groups in 

order to carry out the cyclization. To avoid overpressure in this step, the resin 

was divided in two. A solution of Pd(PPh3) was prepared in situ, mixing Pd(OAc)2 

(6.3 mg, 0.028 mmol, 0.25 equiv) and PPh3 (36.68 mg, 0.14 mmol, 1.25 equiv) in 

dry DCM (3 mL). A solution of N-methylmorpholine (86.3 μL, 0.784 mmol, 7 

equiv) and phenylsilane (96.6 μL 0.784 mmol, 7 equiv) was added to the mixture 

and, finally, to the resin. The suspension was stirred overnight. The resin was 

put together and washed with DCM (3 x 3 mL), sodium diethyldithiocarbamate 

(0.5% w/v in DMF, 2 x 4 mL, 20 min) DIEA in DMF (10% v/v, 3 x 2 mL), and 

DMF (3 x 3 mL). The resin was stirred with piperidine/DMF for 30 min. Then, it 

was washed with DMF (6 x 2 mL), DIEA in DMF (10% v/v, 3 x 2 mL), LiCl en 

DMF (0.8 M, 3 x 2 mL) and DMF (3 x 3 mL).  

Cyclization was carried out by adding a solution of TBTU (215 mg, 0.672 mmol, 

3 equiv) and DIEA (0.214 mL, 1.3 mmol, 6 equiv) in DMF (3 mL) and the 

suspension was stirred for 12 h. After washing with DMF (3 mL), the reaction 

was repeated twice in the same conditions.  

  

The peptide was released from the resin by treatment with freshly prepared TFA 

cocktail (TFA-H2O-TIS 0.95:0.025:0.025, 3 mL) for 2 h and then filtered. The 

resin was washed with TFA (0.5 mL) and the combined fractions were 

evaporated to 1-2 mL by bubbling argon. The concentrated solution was added 

dropwise to cold diethyl ether (10 mL diethyl ether/ml TFA). The resulting 

precipitate was centrifuged for 10 min at 3500 rpm. The supernatant was 

discarded and the solid was dried under vacuum. The sample was dissolved in 

MilliQ water and purified by semipreparative HPLC using a C18 column [isocratic 

of 70:30  H2O (0.1% TFA)-ACN (0.1% TFA) (5 min) and gradient of 70:30 to 

50:50 H2O (0.1% TFA)-ACN (0.1% TFA) (30 min)] to give CP1. (52 mg, 19%). 

(ref) [Agilent SB-C18 column, H2O (0.1% TFA)/ACN (0.1% TFA). 100:0 →100:0 

(2 min) and 100:0 → 25:75 (19 min)] (Rt = 9.0 min). MS (ESI, H2O): 1226.7 (10, 

[M+1H]+), 613.5 (100, [M+2H]2+). HRMS (ESI): Calcd for: C63H88N18O8 [M+H]+: 

1225.7114; found 1225.7105. FTIR (neat): ν = 3279 (amide A), 1650 (amide I), 

1529 cm-1 (amide II). 
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A.2. Synthesis of CP2: 

The cyclic peptide was prepared in solid phase using Fmoc Rink Amide resin 

(400 mg, 0.71 mmol/g resin). Firstly, the resin was swollen in DCM for 1 hour.  

Then, the Fmoc group was removed by treatment with piperidine/DMF (1:4, 2-3 

mL) for 20 min and the first amino acid was coupled by its side chain, using 

HBTU and DIEA, in the same way than any coupling described above. The 

procedure was the same for the eight amino acids. The removal of the allyl 

group was carried out for 5 hours instead of stirring overnight to avoid the 

reduction of the propargyl group. The cyclization and cleaveage was carried out 

as it was described above. The sample was dissolved in MilliQ water and 

purified by semipreparative HPLC using a C18 column [isocratic of 100:0  H2O 

(0.1% TFA)-ACN (0.1% TFA) (5 min) and gradient of 100:0 to 60:40 H2O (0.1% 

TFA)-ACN (0.1% TFA) (30 min)] to give CP1. (48 mg, 18%). [Agilent SB-C18 

column, H2O (0.1% TFA)/ACN (0.1% TFA). 100:0 →100:0 (2 min) and 100:0 → 

25:75 (19 min)] (Rt = 9.1 min). MS (ESI, H2O): 968.5 (25, [M+1H]+), 484.9 (100, 

[M+2H]2+), 323.6 (8, [M+3H]3+). HRMS (ESI): Calcd for: C45H70N13O11 [M+1H]+: 

968.5316; found 968.5312. FTIR (neat): ν = 3273 (amide A), 1669, 1623 (amide 

I), 1535 cm-1 (amide II). 

 

 

Scheme S1 General scheme for the solid phase synthesis of CPs, illustrating the 

synthesis of CP2. 
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Fig. S1 RP-HPLC for CP1 [Agilent SB-C18 column, H20 (0.1% TFA)/ACN (0.1% TFA). 

100:0 →100:0 (2 min) and 100:0 → 25:75 (19 min)] (Rt = 9.0 min). Absorbance at 222 

nm. 

 

 

 

 

Fig. S2 FT-IR (neat, 298 K) spectra for CP1. 

 

  

 

 

 

 



156    
 

FCUP 
Characterization of the Self-Assembling of antimicrobial D,L- α Cyclic 
Peptides at Bacterial Model Membranes 

 

 

 

 

Fig. S3 RP-HPLC for CP2 [Agilent SB-C18 column, H20 (0.1% TFA)/ACN (0.1% TFA). 

100:0    →100:0 (2 min) and 100:0 → 25:75 (19 min)] (Rt = 9.1 min). Absorbance at 

222 nm.  

 

 

 

 

Fig. S4 FT-IR (neat, 298 K) spectra for CP2. 
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B. Materials and Methods FTIR 

The measurements were carried out in two different instruments and places. In 

Brussels, Attenuated Total Reflection Infrared (ATR-FTIR) spectra were 

recorded on a Bruker IFS 55 infrared spectrophotometer equipped with a liquid-

nitrogen-cooled MCT detector. The internal reflection element was a diamond 

with an aperture angle of 45°. A total of 128 scans were accumulated for each 

spectrum. Spectra were recorded at a nominal resolution of 2 cm-1. The 

spectrophotometer was continuously purged with a nitrogen flow. 

In Porto, a Spectrum Two FTIR Spectrometer (PerkinElmer, EUA) equipped with 

diamond internal reflection element from GladiATR Accessory S2PE (PIKE 

Technologies Inc, EUA) was used. The angle of incidence was also 45 o. FTIR 

spectra were taken using the PerkinElmer Spectrum software, between 4000 

and 550 cm-1, and 32 scans were recorded for each spectrum, at a resolution of 

4 cm-1. A grid polarizer KRS-5 from Specac was adapted to the instrument, to 

enable dichroic spectra to be recorded.  

 

 

C. Buffer characterization 

 

Table S1 Determined buffer properties for the parameter values needed in the 

DLS setup.  

  

Buffer Temperature/°C 
Refractive 

Index/nD 

Density/g.cm-

3 

Viscosity/mP

a.s 

HEPES 
37 1.33298 1.00086 0.715 

60 1.32897 0.99090 0.485 

HEPES

/DMSO 

37 1.33399 1.00184 0.727 

60 1.33194 0.99126 0.507 
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D. Complementary DSC results  

 

 

Fig. S5 DSC results for CP1 and DMPC in HEPES/DMSO and for CP2 and DMPC in 

HEPES  

 

E. Complementary ATR-FTIR results  

 

 

 

Fig. S6 (A) DMPE:DMPG(1:9):CP1 L:P34:1 – fitting between 1800-1600 cm-1  

             (B) DMPE:DMPG(1:9):CP2 L:P17:1 – fitting between 1800-1600 cm-1                                                                     

  

B A 



FCUP 
Results and Discussion 

159 

 

 
 

F. Complementary MD results  

 

 

 

Fig. S7 Lateral side views for the structures represented in Figure 6D-E for SCPN1, 

corresponding to snapshots at t=1 μs for the CG-MD simulation of SCPN1 in presence 

of different model membrane systems, using restraints to force the nanotube topology 

(left column) and snapshots at t=1.5 μs, where the last 500 ns were carried out 

releasing the restraints and limiting them to those necessary to maintain the CP 

opened and plane but not forcing the formation of the SCPN (right column). Lys are 

represented in red, Arg in blue. The rest of the residues of the SCNP are shown in 

yellow. 
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Fig. S8 Two additional replicas SCPN1 in presence of DMPE:DMPG (3:1) and 

DMPE:DMPG (1:9), same conditions as previous, i.e., corresponding to snapshots at 

t=1 μs for the CG-MD simulation of SCPN1 in presence of different model membrane 

systems, using restraints to force the nanotube topology (left column) or to snapshots 

at t=1.5 μs, where the last 500 ns were carried out releasing the restraints and limiting 

them to those necessary to maintain the CP opened and plane but not forcing the 

formation of the SCPN (right column). Lys are represented in red, Arg in blue. The 

rest of the residues of the SCNP are shown in yellow. 
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Fig. S9 Results of the MD simulation for DMPE:DMPG (1:9) and CP1, starting from a 

structure with a rotated SCPN1, with the Trp inserted in the membrane. After 1 μs, the 

nanotube is more inserted into the membrane, but after the releasing of the restraints, it 

is partially destroyed. 
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Fig. S10 Results of the MD simulation starting from a structure with a different 

conformation of SCPN1 where the Trp are not all aligned (A).  In the initial structure at 

t=0 the SCPN is outside the membrane, thus leading to a spontaneous insertion after 1 

μs. Structures in the middle (B) show the corresponding snapshots at t=1 μs for the 

CG-MD simulation of SCPN1 in presence of different model membrane systems, using 

restraints to force the nanotube topology. It can be noted that for CP1 the Arg are again 

directed towards the DMPE:DMPG (1:9) membrane, in contrast to what happens in the 

other membrane compositions. Down figures (C) show the corresponding snapshots at 

t=1.5 μs, where the last 500 ns were carried out releasing the restraints and limiting 

them to those necessary to maintain the CP opened and plane but not forcing the 

formation of the SCPN. In this case the nanotube is maintained in presence of 

DMPE:DMPG (1:9). 
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Fig. S11 Lateral side views for the structures represented in Figure 6D-E, for SCPN2 

corresponding to snapshots at t=1 μs for the CG-MD simulation of SCPN2 in presence 

of different model membrane systems, using restraints to force the nanotube topology 

(left column) or snapshots at t=1.5 μs, where the last 500 ns were carried out 

releasing the restraints and limiting them to those necessary to maintain the CP 

opened and plane but not forcing the formation of the SCPN (right column). Lys are 

represented in red, Arg in blue, and purple represents the alkyne moiety. The rest of 

the residues of the SCNP are shown in yellow. 

 

 

Video S1 for DMPC, DMPC:DMPG (3:1), DMPE:DMPG (3:1) and SCPN1, showing 

that it penetrates the hydrophobic region of the membranes to even interact with the 

opposite layer. 

https://nubeusc-

my.sharepoint.com/:f:/g/personal/martin_calvelo_souto_usc_es/EuXlUOT2vgBArcgM5

GEgkFYBwuT4JpPOsrZxxQYlsjIkPQ?e=ePT7uT 

https://nubeusc-my.sharepoint.com/:f:/g/personal/martin_calvelo_souto_usc_es/EuXlUOT2vgBArcgM5GEgkFYBwuT4JpPOsrZxxQYlsjIkPQ?e=ePT7uT
https://nubeusc-my.sharepoint.com/:f:/g/personal/martin_calvelo_souto_usc_es/EuXlUOT2vgBArcgM5GEgkFYBwuT4JpPOsrZxxQYlsjIkPQ?e=ePT7uT
https://nubeusc-my.sharepoint.com/:f:/g/personal/martin_calvelo_souto_usc_es/EuXlUOT2vgBArcgM5GEgkFYBwuT4JpPOsrZxxQYlsjIkPQ?e=ePT7uT
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Abstract 

Antimicrobial peptides are viewed as a promising alternative to conventional 

antibiotics, as their activity through membrane targeting makes them less prone to 

resistance development. Among them, antimicrobial D,L-α-cyclic peptides (CPs) have 

been proposed as an alternative, specially due to their cyclic nature and to the presence 

of D- amino acids that increases their resistance to proteases. In present work, second 

generation D,L-α-cyclic peptides with proven antimicrobial activity are shown to form 

complex macromolecular assemblies in the presence of membranes. We addressed the 

CPs:membrane interactions through a combination of experimental techniques (DSC 

and ATR-FTIR) with Coarse grained molecular dynamics (CG-MD) simulations, aiming 

at understanding their interactions, macromolecular assemblies and eventually unveil 

their mechanism of action. DSC shows that the interaction depends heavily on the 
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negatively charge content of the membrane and on lipid/peptide ratio, suggesting 

different mechanisms for the different peptides and lipid systems. CG-MD proved that 

CPs can self-assemble at the lipid surface as nanotubes or micellar aggregates, 

depending on the peptide, in agreement with ATR-FTIR results. Finally, our results shed 

light into possible mechanisms of action of the peptides with pending hydrocarbon tail, 

namely membrane extensive segregation and/or membrane disintegration through the 

formation of disk-like lipid/peptide aggregates. 

 

1. Introduction  

The development of new, intelligent nanomaterials, capable of self- organization 

replying to external stimuli, has been studied in the recent years, and a number of 

different applications can be found in the literature [1-6].  Although a variety of different 

materials have been studied, the structural similarity with natural peptides and proteins 

that are the main molecular building blocks in nature makes the use of peptide-derived 

materials the most common approach towards biocompatibility [7-9]. Some of these 

peptide-derived new molecules were shown to self-assemble into structures such as 

nanotubes, due their broad conformational, chemical and functional features [10-12]. 

One such group of compounds are supramolecular structures called self-assembling 

cyclic peptide nanotubes (SCPNs), build from cyclic peptides (CPs) with an even 

number of alternating D- and -L-α-amino acids, as illustrated by Ghadiri and co-workers 

[3]. These new materials have been shown to be able to form artificial transmembrane 

channels for ions, or to act as good alternative to antimicrobial candidates, depending on 

peptide side chains composition and hydrophobicity [3, 13-15]. These D,L-α-cyclic 

peptides (D,L-α-CPs) can adopt a planar ring structure with side chains pointing 

outwards of the nanotube. Within the appropriate environment, individual CPs can stack 

in a β-sheet structure, creating intermolecular hydrogen bond networks along the 

growing axis, forming the SCPNs [11, 16]. 

Antimicrobial resistance is considered as one of the major global health issues of the 

21st century [17], as the current therapeutic strategies are no longer appropriate to fight 

infection and drug-resistant pathogens. In this combat, antimicrobial peptides (AMPs), 

also known as host defense peptides [18], are currently in the spotlight as a good 

alternative to the conventional therapeutics to overcome bacterial resistance, as their 

main target is the bacterial membrane and they induce significantly lower resistance 
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[19]. AMPs are produced by a variety of organisms and present a diversity of functional 

and structural properties [20, 21], but exhibit common basic features - they are usually 

cationic, with amphipathic structure, they have a small number of amino acids and they 

are active against Gram-positive and Gram-negative bacteria, fungi and viruses [20, 21]. 

Different mechanisms of action have been proposed for AMPs [22-24], all causing 

membrane perturbation and/or destruction. Their action is triggered by electrostatic 

interactions, the first driving force for interaction with the membranes, as the cationic 

AMPs interact with the anionic membrane surface (negative headgroups) of pathogens. 

Thereafter there is usually accumulation and rearrangement at the membrane, leading to 

membrane micellization, segregation/permeabilization, pore formation or aggregation 

[25-27]. Amphipathic cationic D,L-α-CPs, have been shown to be potent antimicrobials 

whose mechanism of action is related with the nanotube formation that is facilitated by 

membrane interaction, being this supramolecular structure the main active form [28]. 

The robust secondary structure allied with the presence of D-amino acid residues 

reduces the resistance against proteases, making SCPNs promising antimicrobial 

candidates [13, 14, 16, 29-31]. Therefore, the design of new SCPNs with good 

antimicrobial activity is a very attractive application of these peptides, for their possible 

significant contribution to worldwide wealth. 

We combined experimental techniques (differential scanning calorimeter (DSC) and 

attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)) with 

coarse-grained Molecular Dynamics simulations (CG-MD) to characterize and 

rationalize the interactions of three second generation CPs of proven antimicrobial 

activity [32] with lipid model membranes.  

The antimicrobial D,L-α-CPs used in this study are designated as CPR,                                    

c-[RSKSWPgKQ] , CPRT10, c-[RSKSWXC10KQ] and CPRT14, c-[RSKSWXC14KQ] 

(Fig. 1), and were designed as second generation peptides, based on a CP previously 

reported by our group, there called CP2 [13]. In the amino acid sequence the use of 

brackets indicates that the peptides have a cyclic structure, the underlined amino acids 

are D-amino acids and X denotes (S)-2-amino-3-(1λ2,2,3-triazol-4-yl)propanoic acid. 

CPR, CPRT10 and CPRT14 are soluble in water and they contain one hydrophobic 

residue (tryptophan (W)), known to increase membrane anchoring, three charged 

residues (one arginine (R) and two lysines (K)), and three polar non-charged residues 

(one glutamine (Q) and two serines (S)). CPRT10 and CPRT14 differ from CPR as 

they have a ten and fourteen carbons’ tails, respectively, linked to the propargylglycine 
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group (Pg) through a copper catalyzed azide–alkyne cycloaddition (CuAAC reaction). 

All three CPs present good antimicrobial activity, mainly against Gram positive bacteria 

[32]. 

DMPE (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine) and DMPG (1,2-

dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)) are used as simple models for the 

bacterial membrane, since they are known to have a significant presence in Gram-

negative and Gram-positive bacteria cytosolic membrane. Although the lipid 

composition varies quite significantly among pathogens, typically Gram-negative 

bacteria have a higher PE content and Gram-positive bacteria a higher PG content [33]. 

As our peptides showed the highest activity towards Gram-positive bacteria [32], we 

chose mixture with high PG content, i.e., pure DMPG membranes and mixtures of 

DMPE:DMPG at different molar ratios (1:1) and (1:9). Further to these, we also used 

DMPE alone, to assess its role on the interactions of the peptides with the lipid 

mixtures. Finally eukaryotic membranes are mimicked by using 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC), as a control for toxicity, as has been seen in 

different studies a remarkable correlation between toxicity and DSC AMP:PC profile 

[26, 34-39]. 
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Fig. 1. Structures of the peptides studied here: CPR, c-[RSKSWPgKQ], CPRT10, c-

[RSKSWXC10KQ] and CPRT14, c-[RSKSWXC14KQ]. In the amino acid composition 

here shown the use of brackets indicates that the peptides have a cyclic structure, the 

underlined amino acids are D-amino acids and X denotes (S)-2-amino-3-(1λ2,2,3-

triazol-4-yl)propanoic acid. The beads of a Coarse-Grained model for the Molecular 

Dynamics simulation are represented for CPR. Amino acid residues are colored as 

follow: Gln-1 (rose), Arg-2 (brick-red), Ser-3 (dark green), Lys-4 (violet), Ser-5 (soft 

green), Trp-6 (cyan), R tail (gold), Lys-8 (dark blue). 

 

2. Experimental  

2.1 Materials and Methods  

Hexafluorophosphate benzotriazole tetramethyl uronium (N-HBTU), tetrafluoroborate 

benzotriazole tetramethyl uronium (N-TBTU), and the α-amino acids were purchased 

from Iris Biotech, Novabiochem, Advanced Chemtech, Aldrich, and/or GL Biochem 

(Shangai) Ltd. Rink Amide resin was purchased from Novabiochem. Triisopropylsilane 

(TIS) and diisopropylethylamine (DIEA) were purchased from Sigma-Aldrich, 

Germany. All solvents were HPLC grade purchased from Aldrich or Fisher Scientific, 

and they were used without additional purification, except the dry DCM, which were 

distilled with CaH2. Synthesis grade DMF was used to synthesize the peptides on solid 

phase.  

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine (DMPE) and 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (DMPG) were from Avanti Polar Lipids, Alabama, USA, and used as received. 

The water used was in all cases high purity Millipore water. The buffer was prepared 

with HEPES, NaCl, NaN3 and EDTA all purchased from Sigma-Aldrich, Germany. 

 

2.1.1.  Synthetic procedures 

Peptides CPR, CPRT10 and CPRT14 were synthesized manually by standard Fmoc 

solid phase peptide synthesis protocols [40-43]. See Supplementary Material for details 

about synthetic procedure and CPs characterization. 

 

2.1.2.  Preparation of Liposomes 
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Liposomes of DMPE, DMPG and DMPC and their mixtures at different molar ratios 

were prepared by the lipid film method, as described in detail in Supplementary 

Material.  

 

2.1.3. Differential Scanning Calorimetry 

Differential Scanning Calorimetry measurements were performed in a MicroCal VP-

DSC microcalorimeter from Malvern (Worcestershire, UK), by following the same 

protocol as published by our group before [13, 38]. Details on the procedure can be 

found in Supplementary Material. 

 

2.1.4.  Coarse-grained Molecular Dynamics simulations  

Coarse-grained molecular dynamics (CG-MD) simulations of CPR, CPRT10 and 

CPRT14 interacting with membrane models of DMPE, DMPG and their mixtures were 

carried out. The CG parameters used for CPs were those corresponding to the 

polarizable MARTINI force field (Martini v2.2 polar amino acids and polarizable water) 

[44, 45], together with the use of distance restraints between all the backbone particles 

to maintain the cyclic conformation (Fig. 1). The CG topologies for the CPs were built 

using the martinize.py tool [46] and subsequently modified using local code. 

Computational details can be found in Supplementary Material. 

 

2.1.5.  Attenuated Total Reflection Fourier Transform Infrared Spectroscopy  

ATR-FTIR measurements followed the same protocol as published before [13, 47]. The 

measurements were carried in a Spectrum Two FTIR Spectrometer (PerkinElmer, EUA) 

equipped with diamond internal reflection element from GladiATR Accessory S2PE 

(PIKE Technologies Inc, EUA). The details of the procedure can be found in 

Supplementary Material. 

 

3.  Results and discussion 

3.1.  DSC 

The DSC thermograms for each model membrane system, as well as for their mixtures 

with CPR, CPRT10 and CPRT14 at different L:P ratios can be found in Fig. 2. After 

the first DSC scan full equilibration was attained, and from the second all scans were 

identical, as common in similar studies [13, 38, 48]. The data obtained were treated and 
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integrated after baseline correction, either as one peak or using multi-peak 

deconvolution. The obtained thermograms are shown in Fig. 2 for the 3 peptides and the 

4 lipid systems. The thermodynamic parameters retrieved (Tm and ΔtransH) are presented 

in Table S1.  

Overall, it can be seen in Fig 2 that the behavior of CPR is different from the obtained 

for the other two peptides with tail, CPRT10 and CPRT14. Observing the results 

obtained at high PG contents, (Fig. 2A for pure DMPG and 2D for DMPE:DMPG 

(1:9)), we can see that when CPR is mixed with either lipid system (Fig. 2Aand 2D) a 

small shoulder appears above the Tm (25ºC), which relative importance increases with 

increase in peptide content (L:P decrease), representing almost half of the total enthalpy 

change for the largest peptide content It should be also noted that the temperature for 

the main transition is maintained (Table S1). Altogether, this indicates that the 

interaction between this peptide and the negatively charged membrane is mainly 

electrostatic and at the surface, with no significant penetration of the lipid’s 

hydrocarbon core. This suggests a phase separation into peptide poor and peptide rich 

domains in the membrane, as also found previously by Sevcsik et al  [49]. These 

authors suggest that the shoulder reflects the presence of a quasi-interdigitated phase, 

that they confirmed by X-ray. According to Sevcsik et al [49] this creates a void in the 

membrane that is compensated by moving the inner lipid layer towards the hydrophobic 

part of the peptide nanotube. We believe that we could have the same situation here, as 

this is compatible with the DSC tracing observed. Further, our MD results (see below) 

support that the peptide forms nanotubes at the membrane, maintains a surface position, 

and that after an initial approach electrostatically driven (with the Arg facing the 

membrane, interacting with the lipid’s headgroups) it rotates turning the Trp towards the 

hydrocarbons chains.  

In the case of the other two peptides, CPRT10 and CPRT14, the results observed for 

the two PG rich lipid systems must be evaluated separately. For CPRT10 and DMPG 

(Fig. 2 B) we observe a small decrease in Tm for the lowest peptide content (27:1), and 

thereafter we have two peaks superimposed, one centered at Tm of the pure DMPG and 

another at about 1oC lower (Table S1), showing that the peptide is destabilizing the lipid 

membrane. As regarding CPR14 and DMPG (Fig. 2 C), after an initial decrease in Tm of 

~1oC for the lowest peptide content, we have again a peak splitting, but of different 

characteristics – at the L:P ratio 22:1 we have two transition both of just slightly 

enlarged width as compared to pure lipid, but at the highest peptide content, 12:1, the 
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pattern shows a sharp peak centered around 20 o that coexists with a broad peak 

centered about 22oC (see peak deconvolution for these ratios in Fig S2). We interpret 

these results as showing that at high peptide content part of the membrane forms most 

likely disk-like peptide aggregates, that undergo a broad transition and coexist with 

DMPG with small amount of peptide. A similar situation was already described for 

another antimicrobial peptide, LL-37 by Sevcsik et al [33, 49]. The distinctly different 

behavior of these 2 peptides as compared to CPR can be ascribed to the presence of the 

10 and 14 hydrocarbon tails.  

The effect of decreasing the membrane’s negative charge by adding a zwitterionic lipid, 

DMPE, can be seen in Fig. 2D to 2I. When DMPE and DMPG are mixed, a broader 

profile in the transition curve appears as expected, due to structural mismatch between 

the two lipids. However, at pH 7.45, the formation of ion pairs facilitates PE 

headgroup’s hydration, stabilizing the lipid mixture [50]. The behavior of CPR with the 

model membrane DMPE:DMPG (1:9) was already described above (Fig. 2D), as it is 

similar to what is observed with pure DMPG. For the two peptides with tail, CPRT10 

and CPRT14 (Fig. 2E,F), we observe a clear segregation within the membrane, with the 

appearance of peaks at lower temperatures. Again, some differences exist between 

CPRT10 and CPRT14 – for CPRT10 the peak around 25oC is maintained (peptide 

poor domain), with a small increase in width as the peptide content increases, and a 

peak at lower temperature appears (peptide-rich), which temperature decreases for the 

highest peptide content, but its relative importance is maintained (in terms of enthalpy); 

for CPRT14 a similar patter appears, with the main peak maintained, but already 

changed at the highest peptide content, whereas the peptide-rich part of the membrane 

appears to be formed by ‘patches’ of different composition, as more than one peak 

appears at lower temperatures. This is indeed the results of both a longer hydrocarbon 

tail, that drives a more significant partition of CPRT14 to the lipid membranes, as well 

as the capacity of this peptide to also interact with DMPE, as will be seen below. 

Overall this segregation reflects in the preferential association of the positively charged 

cyclic peptides with DMPG, as the associated peptide-rich peak(s) appear at 

temperatures lower than the Tm for the DMPE:DMPG mixture (DMPG has a Tm of 

23.2ºC and DMPE 50.3ºC), and the remaining regions, richer in PE:PG and some 

associated CP, show peaks at temperature similar to the original lipid mixture. The 

ability of linear and cyclic peptides to induce segregation and domain formation within 
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PE:PG membranes has been reported by our group for different CPs, as well as by other 

groups using different antimicrobial peptides [13, 48, 51]. 

As regarding the interactions with the model membranes with even lower negative 

charge content, DMPE:DMPG (1:1) (Fig. 2 G-I) we observe for the three CPs an a peak 

with increased Tm, reflecting most likely the depletion of DMPG from part of the 

membrane, leaving a lipid mixture with composition that approaches DMPE as the CP 

content increases. As before, CPR does not induce lipid segregation with membrane 

domain formation, whereas in the case of CPRT10 and CPRT14 a second, low 

temperature peak is clearly seen, close to the Tm of pure DMPG (Fig 2H,I and Table 

S1). This shows that these two peptides induce a phase separation in DMPE:DMPG 

(1:1) mixtures, giving rise to a DMPG-rich peak that was depleted from the mixed 

membrane by the peptides, that is in equilibrium with the remaining membrane mainly 

composed of DMPE, possibly still with some DMPG and CP associated, as its transition 

temperature is lower than the one we determined to pure DMPE membranes, 50.3oC. 

This behavior was also found for different antimicrobial peptides, by our group as well 

as others [13, 52, 53]. 

The interaction of the CPs with pure DMPE (Fig. 2 J-L) was also followed by DSC, and 

it is clear in Fig. 2J that CPR hardly interact with DMPE, CPRT10 show a clear but 

small change in the thermal profile, that is not strong enough to be reflected in a 

significant change in thermodynamic parameters (see Table S1), whereas for CPRT14 

the ΔtransH decrease significantly with L:P decrease, indicating that this peptide 

somehow interacts with this rather zwitterionic lipid. Our MD results (see CG-MD 

section) indicate that a small number of peptides CPRT10 and CPRT14 bury the 

aliphatic tail and the adjacent Trp in the membrane, either through isolated CP units or 

through small associated peptides over the surface. Nevertheless, it is difficult to 

interpret the observed DSC effect, as there is no change in Tm, as one would expect if 

the tails or hydrophobic moieties of the peptide would penetrate the hydrophobic core 

the DMPE, we only see a decrease in ΔtransH, thus the number of penetrating peptides 

must be small and thus its effect not revealed by DSC. 

Finally, the interaction of these peptides with DMPC was also tested, often used as a 

simplified model membrane for eukaryotic cells, and we have been obtaining a 

remarkable parallel between toxicity and interaction with DMPC membranes [26, 34, 

37, 39, 54]. The results are shown in Fig. S1 and Table S2, showing that CPR does not 
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interact at all with this membrane system, whereas CPRT10 and CPRT14 show a mild 

interaction.  

Overall, our results suggest that the presence of the hydrocarbon tail changes 

significantly the peptide:membrane interactions. CPRT10 and CPT14 are shown to 

form different types of micellar aggregates in solution [32] and in the presence of then 

membrane (see results and discussion in CG-MD section) thus depending on the 

energetic balance between peptide’s micellar aggregates and membrane partition they 

can also act in a ‘surfactant-like’ manner at high peptide contents.   
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Fig. 2. DSC curves for mixtures of the three cyclic peptides CPR (left panel), CPRT10 

(middle panel) and CPRT14 (right panel) with model membranes of DMPG, DMPE 

and their mixtures. A,B,C: LUVs of DMPG; D,E,F: LUVs of DMPE:DMPG (1:9); 

G,H,I: LUVs of DMPE:DMPG (1:1); J,K,L: MLVs of DMPE. The molar ratios of lipid 

to peptide (L:P) for each curve are shown in each plot. The DSC profiles shown are all 

for the second scan. Note that the y scales for the different lipid systems are different.  

3.2.  CG-MD 
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In order to try to further decipher the mechanism of action of CPR, CPRT10 and 

CPRT14, CG-MD simulations of 160 CP units placed randomly (representing a molar 

ratio of lipid to peptide 3:1), were carried out in the presence of the same membrane 

compositions that were studied experimentally: DMPE, DMPE:DMPG (1:1), 

DMPE:DMPG (1:9) and DMPG.  

The CG-MD simulations show a significant difference in the behavior of the peptide 

CPR when compared to those bearing a hydrophobic tail, CPRT10 and CPRT14, in 

agreement with DSC results. The most remarkable contrast is that whereas CPR units 

self-assemble into small or medium-size nanotubes (up to 5 CP units), the presence of 

T10 and T14 tails induce the formation of mostly micellar aggregates in CPRT10 and 

CPRT14. In these micellar assemblies, the CPs are acting as the hydrophilic "head" 

regions in contact with surrounding solvent, sequestering the hydrophobic tail regions in 

the micelle center (Fig. 3 and Fig. S3-S6). 

 

 

Fig. 3. Detail of some structures found in the last snapshot (t=2 μs) of the CG-MD 

simulations of CPR, CPRT10 and CPRT14 in different membrane compositions. 

The study outcomes suggest that the interaction of the different peptides is significantly 

sensitive to the membrane composition. The interaction with the DMPE membrane 

exhibits for the three peptides a markedly different behavior from the rest of lipid 

compositions here studied. A feature common to all simulations carried out in presence 

of DMPE is that there is very little (CPRT10 and CPRT14) on no (CPR) insertion of 

the peptides into the membrane (Fig. 4 and Fig. S3-S6). Overall, these computational 

findings are in agreement with DSC experimental evidence reported above, which 
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suggests that the studied peptides do not interact strongly with liposomes composed 

only of DMPE. Regarding the differences between the three peptides in the presence of 

this membrane model, the peptides with the tail continue to associate mostly into 

micellar aggregates (CPRT14 and CPRT10) as in solution, whereas CPR forms short 

nanotubes. Some (few) peptides CPRT10 and CPRT14 bury the aliphatic tail and the 

adjacent Trp in the membrane, either through isolated CP units or through small 

nanotubes over the surface (Fig. 4 and Fig. S4-S6). 

The interaction of CPR with the DMPE membrane takes place mostly through the 

residues Trp and Lys adjacent to Pg (bearing the alkyne moiety) (Fig. 5). The presence 

of T10 tail significantly increases the number of contacts between CPRT10 and DMPE 

membrane, through this hydrocarbon moiety, together with the neighboring Trp, and 

also through the adjacent Lys to a minor extent (Fig. 5 and Fig. S5). The longest tail, 

however, drastically reduces the number of contacts between CPRT14 and the DMPE 

membrane (Fig. 5 and Fig. S6). Although the residues interacting mostly with the 

membrane are the same as for CPRT10 (the hydrocarbon tail, Trp and the adjacent 

Lys), the number of interactions shows a significant decrease (about 4 times less than 

the previous peptide). Curiously, by DSC a larger effect of CPRT14 is observed, 

although difficult to interpret, as stated above. 

The influence of DMPE is still significant for DMPE:DMPG (1:1). The presence of 

50% DMPE in the bilayer leads to a smaller interaction of the peptides with the 

membrane when compared to membrane models with higher DMPG contents (Fig. 4, 

Fig. S4-S6). In any case, the number of contacts between all CPs and DMPE:DMPG 

(1:1) substantially increases when compared to the pure DMPE membrane (Fig. 5, 

second column) 
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Fig. 4. Lateral view of the last snapshots at t=2 μs from the CG-MD simulation of 160 units of 

CPR, CPRT10 and CPRT14, respectively, in the presence of different membrane 

compositions: DMPE, DMPE:DMPG (1:1), DMPE:DMPG (1:9) and DMPG. DMPE lipids are 

represented in orange whereas DMPG lipids are represented in purple. Each residue in the CP is 

represented in a different color. Water molecules have been removed for clarity. Top view is 

represented in Fig. S3. The figure was rendered using PyMOL (The PyMOL Molecular 

Graphics System, Version 2.5 Schrödinger, LLC). 

 

A clear difference is found again in the behavior of CPR when compared to the 

peptides bearing the hydrocarbon tails, CPRT10 and CPRT14, in presence of this lipid 

composition: whereas in the case of CPR the interaction with the membrane is 

dominated by the Trp and the Lys adjacent to the Pg residue, the highest number of 

contacts between CPRT10 and CPRT14 and the DMPE:DMPG (1:1) corresponds to 

the Arg residue (Fig. 5, second column). Interestingly, as can be observed from the 

graphics, the interaction with Arg was also prevalent for CPR at this membrane 

composition at the beginning of the CG-MD simulation, but as the simulation 

progresses, these Arg-membrane contacts are replaced by the interaction with Trp and 

Lys mentioned previously. Overall, the common aspects for the peptide/membrane 

interaction, namely electrostatic interactions and the role of Trp in the membrane 

anchoring, is the behavior expected for AMPS, and were also observed with other CPs 

in previous works [13, 34]: the electrostatic interaction between the charged residues of 

the CP and the charged heads of the lipids would be the driving force attracting the 
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peptides towards the membrane; once there, the peptides turn around, inserting their 

hydrophobic residues into the membrane. What is remarkable is how clear this shows up 

in the CPR simulation results (Fig. 5). It is also noteworthy that once this happens, the 

number of contacts between Trp and Lys and the membrane significantly increase (up to 

1200-1400, and they seem to be still evolving) with respect to the initial electrostatic 

contacts between Arg and the membrane, suggesting that this interaction is much more 

favorable, i.e., energetically more stable. In the case of CPRT10 and CPRT14 the 

electrostatic interaction with the membrane takes place mainly through the Arg charged 

residues in the first steps of the simulation. However, it should be noted that within the 

simulated time (2 μs), most of CPRT10 and CPRT14 units are not able to turn around 

and introduce their hydrophobic tails inside the membrane, at odds with CPR, as clearly 

seen in Fig. 5. In fact, as it can be appreciated in Fig. 5, although the main membrane 

interaction between CPRT10 and CPRT14 takes place through the Arg residue, there 

are some contacts with the DMPE:DMPG (1:1) membrane through the T10 and T14 

tails already at this simulation time. The insertion of the hydrophobic tails in the 

membrane involves breaking the micellar aggregates and this behavior could not be 

observed within the simulation times studied here. However, the extension of some of 

the CG-MD simulations for longer periods (20 μs), led, indeed, to much more tails 

inserted in the membrane (see an example for CPRT10 and CPRT14 in Fig. S7-S8). 

These finding are in agreement with the DSC results, as the strong interaction of 

CPRT10 and CPRT14 with DMPG leads to segregation, and the appearance of DMPE 

rich and DMPE poor domains within the membrane. When the DMPG content increases 

further, in DMPE:DMPG (1:9) and finally in pure DMPG, the predominant interaction 

between all CPs and both membranes is electrostatic, as can be clearly visualized from 

the number of contacts of the individual residues (Fig. 5, columns 3-4). However, in the 

case of CPR, the system seems to be still evolving towards the typical behavior 

observed in previous membrane systems, mainly DMPE:DMPG (1:1): a decreasing of 

Arg-membrane interaction in favor of a correlated increase in the number of contacts 

through Trp and the adjacent residues in the sequence, Ser and Pg. Again this is in 

agreement with our DSC results, where we did suggest above the possible appearance 

of a quasi-interdigitated phase for CPR and DMPE:DMPG (1:9 and pure DMPG), that 

can only take place if the apolar part of the peptide’s nanotubes face the hydrocarbon 

chains of the lipid membrane (see above DSC discussion). No significant differences 

were observed for the interactions of CPRT10 and CPRT14 with DMPE:DMPG (1:9), 



196    
 

FCUP 
Characterization of the Self-Assembling of antimicrobial D,L- α Cyclic 
Peptides at Bacterial Model Membranes 

 

 

except for a slightly higher number of Arg-membrane contacts in the case of CPRT14. 

However, in the case of pure DMPG, that is no longer the case, as a strong distortion of 

the membrane can be observed. Whereas up to 1 μs the behavior of CPRT14 is very 

similar to CPRT10, after that the number of contacts between Arg and the membrane 

significantly decreases, together with an increase in the number of contacts between the 

T14 tail and the membrane, all this accompanied by a great distortion and final collapse 

of the membrane system (Fig. 5, column 4 and Fig. 4). These observations match 

perfectly with the DSC results found for CPRT14 and DMPG at the highest peptide 

content, where we concluded that lipid-peptide disks are formed, that lead to membrane 

disintegration.  

 

 

Fig. 5. Number of contacts within 0.6 nm between any pair of atoms of each amino acid 

of CPR, CPRT10 or CPRT14 and the corresponding membrane compositions, DMPE, 

DMPE:DMPG (1:1), DMPE:DMPG (1:9) and DMPG, respectively over 2 

microseconds. Note that the scales in all cases are not the same on purpose, to facilitate 

the visualization of the lines. Matplotlib [55] library was used to produce the figures. 
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3.3.  ATR-FTIR 

ATR-FTIR was used to characterize structurally the CPs self-assembly when interacting 

with different model membranes. The use of polarized ATR-FTIR allowed us to assess 

their orientation relative to the membrane plane.  

The structural changes in peptide organization and their possible effect on the lipid 

bilayer’s structure was extensively studied by ATR-FTIR by our group for these three 

peptides, and the initial results obtained for CPR and CPRT10 when mixed with 

DMPG liposomes were already reported [47]. In that study, we reported for both 

peptides the presence in the amide I band of a peak centered around 1675 cm-1 and 

another at 1625 cm-1, associated with the presence of β-turn [56] and β-sheet [16] 

structures, respectively. The spectrum also showed a peak for the amide II at 1540 cm-1, 

representing intermolecularly hydrogen-bonded amide groups together with unbound N-

H, providing evidence for nanotube formation in the presence of DMPG membranes 

[16, 47]. Deconvolution of the peaks revealed in the case of these two peptides the 

presence of the parallel component of the amide I peak at ~1690 cm-1 (weak) together 

with the perpendicular component (strong) at 1625 cm-1, indicating the possible 

presence of antiparallel β-sheets. The position of the aggregates as regarding the 

membrane was derived from the results obtained when using polarized light, where the 

obtained negative dichroism at 1625 cm-1 indicated that the formed structures laid 

parallel to the membrane plane [47, 57]. Considering the results obtained by MD above 

(CG-MD section), it is possible that the observed dichroism is not too strong as many of 

the peptides are involved in aggregates, of micellar type, and do not associated into 

well-formed nanotubes.  

When similar measurements were made with CPRT14 and DMPG, at different L:P 

ratios, we observe the same type and position of peaks, as reported for CPR and 

CPRT10 - the amide I band also has two peaks, one around 1675 cm-1 and other at 1625 

cm-1, associated with the possible presence of β-turn [56] and β-sheet [16] structures, 

respectively (Fig. 6). Additionally, for higher CP contents, the spectra show a well-

defined peak at ~1692 cm-1, indicating the presence of either antiparallel β-sheet 

structure or aggregated strands [58], and the peak for the amide II at 1540 cm-1 is also 

present. Two interesting observations for this system should be referred: i) the peak at 

1625 cm-1 has higher intensity for the middle L:P ratio, 23:1 when compared to L:P 10:1 

and further ii) the peak at 1625 cm-1 is higher than the peak at 1675 cm-1 for L:P 23:1 

while the opposite is observed for 10:1. These can be associated with the formation of 
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new structures, possibly aggregated structures, as by DSC we observe a decrease in the 

Tm and clear domain formation with increase in peptide content, and our MD results 

suggest the formation of self-assembled/aggregated structures, and that they interact 

with the membrane while partly maintaining the micellar aggregates (see CG-MD 

section). We should stress that in our previous publication [47], we did a curve fitting to 

deconvolute the observed peaks in the range 1800–1600 cm−1, and we did the same here 

for CPRT14. This deconvolution allowed us to estimate the percentage of the various β-

structures present, as indicative values, and the values retrieved were 80% β-sheet and 

22% of β-turns/aggregated structures for CPR, as opposed to 46% of β-sheet and 54% 

of β-turns/aggregated structures and 40% of β-sheet and 60% of β-turns/aggregated 

structures for CPRT10 and CPRT14, respectively. These results fit very well with what 

was found here in our MD results, where CPR formed predominantly nanotubes with β-

sheet structure as opposed to the peptides with tail, that induced domain formation 

within the lipid membrane, composed of lipid and micellar-like aggregates at high 

peptide contents. Finally, it is worth mentioning that the self/association of CPRT10 

and CPRT14 was experimentally verified by González-Freire et al  [32] by 

fluorescence measurements with thioflavin T (ThT), obtaining critical aggregation 

values of ~13 μM and ~4.5 μM for CPRT10 and CPRT14, respectively. 

 

 

Fig. 6. ATR-FTIR results for DMPG (black line, L:P 1:0) and its mixtures with 

CPRT14. The different molar ratios for the mixtures, L:P, are shown in each curve. The 

dichroic spectra for the various ratios (dashed lines, same color code) are also shown 

and calculated as the difference between the parallel and perpendicular spectra, with 
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appropriate scaling. Note that the negative dichroism at 1465 cm-1 (νδ (CH2) with dipole 

perpendicular to the chain) also confirms that the membranes are oriented parallel to the 

support, as stated in the text. 

 

A qualitative analysis of the orientation of the nanotubes or aggregated structures was 

obtained through the use of ATR-FTIR with polarized light. The orientation as regarding 

the membrane plane was evaluated by subtracting spectra recorded with the 

perpendicular incident light from spectra obtained with the parallel incident light (|| - 

⟘), multiplied by an appropriate factor [59]. Negative deviations of the difference 

spectra at 1625 cm-1 (dashed lines, Fig. 6), whose intensity increases with increasing 

peptide content, indicates that the peptide C=O bond arranges perpendicular to the 

membrane normal axis - the nanotubes are thus oriented parallel to the membrane 

normal axis. The positive dichroism of the amide II peak (1540 cm-1) (Fig. 6) is also in 

line that orientation [57, 59]. 

The structural effect of the peptides in the presence of the membranes was also studied 

for other model membrane systems, namely DMPE:DMPG (1:9) and (1:1) (see 

Supplementary material Fig. S9 and S10). In Fig. 7 we did plot the spectra for the 

different CPs in DMPG, DMPE:DMPG (1:9) and (1:1), at a chosen L:P molar ratio, L:P 

10:1, to compare the influence of the membrane charge in the structure and 

nanotube/aggregates’ formation. For DMPG with the different peptides (Fig. 7 A), the 

amide I band peaks (1675 cm-1 and 1625 cm-1), and the peak for the amide II (1540 cm-

1) associated with the presence of β-sheet/aggregated structures and intermolecular 

interactions respectively, are present for the three CPs. When we compare the relative 

intensities, we see that overall, there is a trend in peak intensity depending on peptide, 

being the peaks for CPR the highest, followed by CPRT10 and then CPRT14. Indeed, 

this reflects the fact found by MD that CPR forms mainly nanotubes at the lipid 

surface, whereas CPRT10 and CPRT14 form mainly micellar aggregates, with few 

nanotubes (see CG-MD section).  

When we add 10% of DMPE to the negatively charged DMPG (Fig.7 B) we observe the 

presence of the same peaks in the amide I and amide II band, but two striking 

differences are apparent - the increase in intensity of the 1625 cm-1 peak for all peptides, 

this peak becoming more intense than the one at 1675 cm-1 in the same amide band, and 

the decrease in the intensities for the C=O 1740 cm-1 for the mixture with CPRT14. 

Indeed, this points to the presence of other aggregated structures, as the peaks at 1675 
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cm-1 and 1692 cm-1 (β-turns or antiparallel β-sheet or aggregated strands [58]) are 

evident, in line with our DSC observation of a peak splitting (see above DSC section) 

and the MD results below for CPRT10 and CPRT14. The decrease in the intensity of 

the C=O band (1740 cm-1) and the peak at 1675 cm-1 for DMPE:DMPG (1:9):CPRT14, 

may indicate the presence of aggregates/other type of structures, associated with peptide 

micellar state, as already stated above, as well as the partial destruction of the lipid 

membrane. Again, these observations are in line with the DSC and MD findings, as we 

observe some membrane segregation, with parts of the membrane richer in DMPG and 

peptide, and other parts richer in DMPE. 

For DMPE:DMPG (1:1) (Fig. 7 C) we observe for all CPs the same peaks and similar 

decrease in the intensity of C=O band (1740 cm-1), as we described for the system 

DMPE:DMPG (1:9). In the case of CPR, the spectra suggest that most self-assembled 

structures are β-sheet type, as we have a low intensity peak at 1625 cm-1, in agreement 

with the MD results. Again, for this model membrane system, the spectra for CPRT14 

suggest the presence of aggregates/other type of structures, in line with the DSC and 

MD results. Further, these findings are also in line with the observation for CPRT14 of 

an arrangement of self-assembled peptides with a filamentous structure, in the studies of 

González-Freire et al, when the peptides were studied in a solution (without 

membranes) by STEM microscopy [32].  

Overall, as regarding the position of the macromolecular structures relative to the 

membranes, obtained from the polarized spectra for lipid systems here studied (results 

not shown), the negative dichroism indicates that the nanotubes structures formed by 

CPR as well as the aggregates formed by CPRT10 and CPRT14 lay parallel to the 

membrane, thus adopting the same orientation already reported in the presence of 

DMPG membranes in previous studies [47] and here for CPRT14.  
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Fig. 7. ATR-FTIR results for CPR, CPRT10 and CPRT14 mixed with DMPG (A), 

DMPE:DMPG(1:9) (B) and DMPE:DMPG(1:1) (C), at L:P 10:1 molar ratio. The color 

code for the different spectra is: pure lipid (black), and mixtures with CPR (blue), with 

CPRT10 (green) and CPRT14 (red). 

 

 

CONCLUSIONS 

 

This work presents an orthogonal study using biophysical experiments (DSC and ATR-

FTIR) and CG-MD simulations of peptide/lipid model membranes mimicking bacteria 

membranes, aiming at understanding the mechanism of action of second generation 

D,L-α-cyclic peptides, with proven antimicrobial activity. The CPs here studied share 

the same sequence but differ in the presence of a hydrophobic tail of ten (CPRT10) or 

fourteen (CPRT14) carbons that replaces a Pg in the original sequence (CPR).  

DSC results showed that the presence of negative charge in the membrane is a 

requirement for a strong interaction of the three peptides, as CPR and CPRT10 do not 

interact and CPRT14 just weakly with the zwitterionic DMPE. Further, it is shown that 

the interaction depends on charge content and on peptide, being stronger for the cyclic 

peptides with a tail and for the more negatively charged membranes. Importantly, the 
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CG-MD results show that the macromolecular structures adopted by the three peptides 

are different – mostly short nanotubes in the case of CPR, and mainly micellar-type 

aggregates in the case of CPRT10 and CPRT14, in line with results presented by 

González-Freire et al [32]. These finding corroborate the interpretations we suggest for 

the observed DSC profiles, showing a distinct behavior of CPR as compared to the 

other two peptides with tail. This is also supported by our FTIR-ATR results, where the 

amide I band peaks and the peak for the amide II, associated with the presence of β-

sheet/aggregated structures and intermolecularly interactions respectively, are present 

for all three CPs. Further, they show that there is a trend in peak intensity depending on 

peptide, being the peaks for CPR the highest, followed by CPRT10 and then CPRT14, 

related to the formation of a lower number of nanotubes in the case of CPRT10 and 

CPRT14 when compared to CPR. Finally, these results can help the understanding of 

the antimicrobial activity found for these peptides - very weak for CPR, very active and 

fast for CPRT10, and very active but slower for CPRT14. Although CPR is also 

interacting strongly to the negatively charged membranes, it is not destructive, as it 

shows a mild degree of membrane penetration and no significant segregation in mixed 

membranes. On the contrary, the two peptides with tail have a strong electrostatic 

interaction with negatively charged membranes, leading to membrane disintegration at 

high peptide contents in the case of CPRT14 (with peptide lipid discs formation, 

detergent like behavior), and to extensive domain formation in the case of CPRT10. For 

less negatively charged mixed membranes, both peptides induce membrane segregation, 

that must impair cell function in real pathogen systems. The observed faster effect of 

CPRT10 as compared to CPRT14 may be due to the weaker tendency of this peptide to 

form micellar aggregates, making its partition to the membrane more favorable and 

faster.  
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dimyristoyl-sn-glycero-3-phosphocholine; PE, phosphoethanolamine; PG, phospho-(1’-
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Arginine ; Ser, Serine; Lys, Lysine; Trp, Tryprophan; DCM, dichloromethane; HPLC, 

High-Performance Liquid Chromatography; HEPES, 4-(2-hydroxyethyl)-1- 

piperazineethanesulfonic acid; EDTA, Ethylenediamine tetra-acetic acid; FMOC, 

fluorenylmethoxycarbonyl protecting group; LUVs, Large unilamellar vesicles;  
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A.1. Methods 

A.1.1. Cyclic peptide synthesis 

HPLC (High-Performance Liquid Chromatography) semi-preparative purification was 

carried out on Hitachi D-7000 and Jasco LC-4000 with an Agilent Eclipse XDB-C18 

column. HPLCcoupled with mass spectrometry (HPLC-MS) analysis were carried out on 

Agilent Technologies 1260 Infinity II associated with a 6120 Quadrupole LC-MS using 

an Agilent SB-C18 column. 

Nuclear Magnetic Resonance (NMR) spectra were recorded on a Varian Inova 500 MHz. 

D2O, and H2O/D2O were the solvents employed to obtain the NMR. Chemical shifts  are 

reported in ppm referenced to TMS (δ = 0.00 ppm) or to the solvent signals, HOD (δ = 

4.79 ppm). Spin multiplicities are reported as a singlet (s), doublet (d), triplet (t), 

multiplet (m) or broad (b). The coupling constants (J) are given in Hz.  

High Resolution mass determination (HR-MS) using ESI-MS were acquired in a Bruker 

MicroTof II mass spectrometer. Mass peaks are expressed in units of mass per unit of 

load (m/z). 

FT-IR measurements were performed on a Perkin Elmer Spectrum Two ATR-FTIR, 

placing the sample directly on its diamond plate (neat) as a thin film. 

Peptide c-[QRSKSWPgK] (CPR) was synthesized by manual Fmoc solid phase peptide 

synthesis, using Fmoc-Rink Amide resin (400 mg, loading 0.7 mmol/g), which was 

swelled in DCM (HPLC, 3 mL) for 1 hour in a peptide synthesis vessel prior synthesis. 

The removal of the Fmoc protecting group was carried out using a solution of piperidine 

in DMF (25%, 2 mL) for 15 min and then the solvent was filtered off, and the resin was 

washed with DMF (6 x 2 mL). The first amino acid was attached to the resin by its side 

chain. Therefore, protected glutamic acid (Fmoc-Glu-OAll, 3 equiv) in DMF (3 mL) was 

preactivated by treating with N-HBTU (3 equiv) followed by addition of DIEA (3 equiv) 

and the resulting mixture was manually shacked for 1 minute before addition to the resin. 

The coupling was carried out for 40 minutes by shaking the resulting mixture at room 

temperature, after which the resin solution was filtered off and then washed with DMF (3 

x 2 mL). The procedures of deprotection and coupling were repeat for the other seven 

amino acids. 

Once the linear peptide was completed, it was cyclized while it was still attached to the 

solid support. For that purpose, the allyl group was removed using a solution of 

[Pd(PPh3)4] prepared in situ as a result of mixing Pd(OAc)2 (0.25 equiv) and PPh3 (1.25 

equiv) in dry DCM (2 mL) and stirring under Ar for 30 min. Then, phenylsilane (7 

equiv) and 4-methylmorpholine (7 equiv) were added, and the resulting mixture was 

added over the resin under Ar and the mixture was shaked for 4-5 hours. After that, the 
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solution was filtered off and the resin washed with DCM (3 x 2 mL), DMF (3 x 2 mL), 

sodium diethyldithiocarbamate in DMF (0.5%, 2 x 2 mL, 15 min), DMF (2 x 2 mL), 

DIEA in DMF (10%, 2 x 2 mL) and finally DMF (3 x 2 mL). Then, the Fmoc was 

removed, as usual, by treating it with piperidine in DMF (25%, 1 x 2 mL, 30 min). The 

solution was removed, and the resin washed with DMF (6 x 2 mL), DIEA in DMF (5%, 

3 x 2 mL), LiCl in DMF (0.8 M, 3 x 2 mL), DMF (3 x 2 mL). The cyclization reaction 

was carried out in the presence of N-TBTU (3 equiv) and DIEA (6 equiv) in DMF (3 

mL) for 12 hours at room temperature. After this time, the resulting solution was filtered 

off and the resin washed DMF (3 x 2 mL) and DCM (3 x 2 mL).  

Finally, the peptide was deprotected and cleaved from the resin by treating the resin at 

room temperature with a cleavage cocktail of TFA, TIS and H2O (95:2.5:2.5, 1 mL per 

50 mg of resin) for 2 hours.6 Then, the mixture was filtered, the resin washed with TFA 

(1 mL) and the peptide was precipitated from the solution by addition of Et2O (20 mL 

per 1 mL of TFA). After repeated washing with diethyl ether, the precipitate was dried 

under vacuum, dissolved in H2O (5-10 mL depending on the peptide solubility), and 

purified by reverse phase semi-preparative high-performance liquid chromatography 

(RP-HPLC) using a C18 column [H2O (0.1% TFA)/ ACN (0.1% TFA) 100:0 (5 min) and 

100:0 to 25:75 H2O (0.1% TFA)-ACN (0.1% TFA) (30 min)] to give 80 mg of CPR 

(30% yield). [Rt = 9.6 min, H20 (0.1% TFA)/ACN (0.1% TFA) 100:0 (2 min) and 100:0 

→ 25:75 (19 min)]. ESI-MS m/z (%): 996.5 (20, [M+1H]+), 499.0 (100, [M+2H]2+), 

333.1 (10, [M+3H]3+). HRMS (ESI): Calcd for: C45H69N15O11, 996.5373; found, 

996.5374. FTIR (neat): ν = 3279 (amide A), 1668, 1620 (amide I), 1535 cm-1 (amide II).  

 

Synthesis of CPRT10: 

For the preparation of this peptide, 1-azidodecane was immediately prepared before the 

click reaction on the solid support. Therefore, NaN3 (6 equiv) and the corresponding 1-

bromodecane (6 equiv) were mixed in DMF (1 mL) for 24 hours at 40 ºC and the 

resulting 1-azidodecane was used without further purification. Then, DMF (0.2 mL), 

piperidine (0.3 mL), 1-azidodecane (6 equiv), CuI (5 equiv), sodium ascorbate (5 equiv), 

and DIEA (10 equiv) were added to 150 mg of peptide modified resin and the mixture 

was purged with argon for 5 minutes. The resulting reaction mixture was shaken at room 

temperature for 36 hours. After the reaction was completed, the supernatant solution was 

removed and the resin was washed with DCM (3 x 2 mL), DMF (3 x 2 mL), piperidine 

in DMF (20%, 2 x 3 mL, 15 min), DMF (3 x 2 mL), MilliQ H2O (2 x 2 mL, 10 min), 

DMF (3 x 2 mL), and DCM (3 x 2 mL), prior to cleavage. The resulting powder was 

 
6 D. A. Pearson, M. Blanchette, M. L. Baker, C. A. Guindon, Tetrahedron Lett. 30 (1989) 2739–2742. 
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solubilized in H2O and purified in reverse phase HPLC [Phenomenex Luna C18 (2) 

100A column, H2O (0.1% TFA)/ ACN (0.1% TFA) 100:0 (5 min), 100:0 → 25:75 (30 

min) to provide 21 mg of CPRT10 (17% yield). [Agilent SB-C18 column, H2O (0.1% 

TFA)/ACN (0.1% TFA) 100:0 (2 min) and 100:0 → 25:75 (19 min)]. [Rt = 14.5 min, 

H20 (0.1% TFA)/ACN (0.1% TFA) 100:0 (2 min) and 100:0 → 25:75 (19 min)]. MS 

(ESI, H2O): 1180.7 (20, [M+1H]+), 590.6 (100, [M+2H]2+), 394.1 (25, [M+3H]3+). 

HRMS (ESI): Calcd for: C55H90N18O11Na, 1201.6926; found 1201.6929. FTIR (neat): ν 

= 3279 (amide A), 1664, 1627 (amide I), 1539 cm -1 (amide II).  

 

Synthesis of CPRT14: 

Following the general protocol of the SPPS, CPR was grown and cycled in the solid 

support. Then, the click chemistry was carried out with tetradecyl azide and, finally, the 

cleavage of the resin. The resulting powder was solubilized in H2O and purified in 

reverse phase HPLC [Phenomenex Luna C18 (2) 100A column, H2O (0.1% TFA)/ ACN 

(0.1% TFA) 100:0 → 100:0 (0 → 5 min), 100:0 → 25:75 (5 → 35 min) to provide 16 mg 

of CPRT14 (13% yield). [Agilent SB-C18 column, H2O (0.1% TFA)/ACN (0.1% TFA). 

100:0 →100:0 (2 min) and 100:0 → 25:75 (19 min)]. [Rt = 16.8 min, H20 (0.1% 

TFA)/ACN (0.1% TFA) 100:0 (2 min) and 100:0 → 25:75 (19 min)]. MS (ESI, H2O): 

1235.7 (15, [M+1H]+), 618.5 (100, [M+2H]2+), 412.8 (22, [M+3H]3+). HRMS (ESI): 

Calcd for: C59H98N18O11Na [M+Na]+: 1257.7554; found 1257.7555. FTIR (neat): ν = 

3273 (amide A), 1664, 1620 (amide I), 1539 cm-1 (amide II).  
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Peptide CPR: c-[RSKSWXKQ] 

 

 

 

 

 

 

RP-HPLC: [Agilent SB-C18 column, H20 (0.1% TFA)/ACN (0.1% TFA) 100:0 

(2 min) and 100:0 → 25:75 (19 min)] (Rt = 9.6 min). Absorbance at 222 nm. 

 

 

 

FT-IR (neat, 298 K) 

 

 

 

  

CPR 
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Peptide CPRT10: c-[RSKSWXC10KQ] 

 

 

 

 

 

 

RP-HPLC: [Agilent SB-C18 column, H20 (0.1% TFA)/ACN (0.1% TFA) 100:0 

(2 min) and 100:0 → 25:75 (19 min)] (Rt = 14.5 min). Absorbance at 222 nm. 

 

 

 

FT-IR (neat, 298 K): 

 

 

 

CPRT10 
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1H-NMR: (2 mM, H2O/D2O, 300 K, 500 MHz)

 

 

TOCSY: (2 mM, H2O/D2O, 300 K, 500 MHz) 

 

 

COSY: (2 mM, H2O/D2O, 300 K, 500 MHz) 
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Peptide CPRT14: c-[RSKSWXC14KQ] 

 

 

 

 

 

 

 

RP-HPLC: [Agilent SB-C18 column, H20 (0.1% TFA)/ACN (0.1% TFA) 100:0 

(2 min) and 100:0 → 25:75 (19 min)] (Rt = 16.8 min). Absorbance at 222 nm. 

 

FT-IR (neat, 298 K): 

 

 

 

 

CPRT14 



FCUP 
Results and Discussion 

215 

 

 
 

1H-NMR: (2 mM, H2O/D2O, 300 K, 500 MHz) 
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A.1.2. Preparation of Liposomes 

DMPE, DMPG and DMPC and their mixtures at different molar ratios were weighted in 

appropriate amounts and dissolved in a round bottom flask in an azeotropic mixture of 

chloroform/methanol (87.4:12.6 %(v/v)). A lipid film was obtained by evaporating the 

azeotropic mixture (either under vac-uum at a rotary evaporator at 70 °C for DSC or under a 

flux of N2 for ATR-FTIR) and then kept over-night under high vacuum (< 10 mbar) to remove 

any trace of the organic solvents. 

The lipid film was then hydrated for 30 minutes with a previously heated buffer HEPES (10 

mM HEPES, 150 mM NaCl, 0.02% NaN3, 1 mM EDTA, pH 7.45) - for DSC experiments - or 

with water - for ATR-FTIR experiments - at ca. 10 °C above the gel-to-liquid crystalline phase 

transition temperature (Tm). Thereafter the suspension underwent several cycles of 

vortex/incubation, at a temperature above Tm, creating a multilamellar vesicles suspension 

(MLVs). The MLVs were frozen in liquid nitrogen and thawed above Tm, a cycle repeated 3 

times. Large unilamellar vesicles (LUVs) were then obtained through extrusion of the MLVs, 

using two staked polycarbonate filters with a pore diameter of 100 nm (Whatman, Nucleopore 

(NJ, USA)), in either a 10 mL stainless steel extruder from Lipex Biomembranes Inc. 

(Vancouver, Canada), under inert (N2) atmosphere (DSC samples), or with a manually powered 

extruder of 500 L capacity (Liposofast-Basic (BPS, UK)) (ATR-FTIR samples. Three 

sequences of extrusion/vortex/freeze-thaw were made, followed by 15-20 passages through the 

extruder. The final phospholipid concentration was determined using a modified version of the 

Bartlett phosphate assay7. 

The average particle size of the LUVs was measured by dynamic light scattering (DLS) on a 

Malvern Zetasizer Nano ZS from Malvern Instruments (Malvern, UK). The measurements were 

performed above the transition temperature (Tm) at a total lipid concentration of 0.1 mM, using a 

He-Ne laser (wavelength 633 nm) as a source of incident light, and operating at a scattering 

angle of 173°. The pre-pared samples were monodisperse, with a particle size of ~110 nm, and a 

polydispersity index (PDI) always <0.1. The Buffer properties (refractive index, density and 

viscosity) to be used in the DLS measurements were determined at 37°C and 60°C (Refractive 

index in an Anton Paar, Abbemat 300, density in an Anton Paar, DMATM 4500M and viscosity 

in a Lovis 2000ME). 

  

 
7 G.R. Bartlett, Phosphorus assay in column chromatography, J. Biol. Chem. 234 (1959) 466-468. 
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A.2. DSC 

A.2.1. Methodology  

 

In brief, prior to sample loading, blank experiments with buffer in both cells were performed, 

for subsequent blank correction. The temperature scans were performed at a scanning rate of 60 

°C/hour, and three successive heating scans for each sample were always performed, against 

buffer in the reference cell. The DSC profiles shown are all for the second scan, as the first scan 

usually differs from following ones because the peptides are added to the liposome suspension 

at room temperature just prior to the DSC experiment, and the mixtures were not incubated 

above transition temperature (Tm) prior to measurements. As all samples studied here provided 

repetitive scans after the second, the results shown here are for the second scan. All the samples 

were prepared immediately before each measurement by adding the desired amount of the CPs 

to the LUVs suspension and transferred to the measuring cell, to guarantee that all samples had 

the same thermal history. The Tm and the transition enthalpy change (ΔtransH) were obtained by 

integration of the blank corrected heat capacity vs temperature curve (Cp vs. temperature), using 

a linear baseline. In cases where a peak splitting was apparent, the curve was deconvoluted and 

the parameters for each peak are presented. 
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Table S1. Thermodynamic parameters for the gel to liquid crystalline phase transitions (Tm, 

ΔtransH) that were obtained from the thermograms represented in Figure 2, for the different lipid 

systems and peptides here studied, at different L:P molar ratios. 
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Notes: 1. The estimated uncertainties in the thermodynamic parameters are for the same series: ±0.3 oC 

for Tm and ± 1 kJ/mol for ΔtransH, whereas between series they are ±1 oC for Tm and ± 3 kJ/mol for ΔtransH. 

In some cases two or three peaks are apparent, and in those cases they are evaluated separately.  
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Fig. S1. DSC curves for mixtures of the three peptides CPR (A), CPRT10 (B) and CPRT14 

(C) with model membranes of DMPC to test the toxicity of the three peptides. The molar ratios 

of lipid to peptide (L:P) for each curve are shown in each plot. The results are all for the second 

scan. 

 

 

Table S2. Thermodynamic parameters Tm and ΔtransH and for the gel to liquid crystalline phase 

transition for DMPC in the absence and presence of the CPs at various L:P molar ratios.  

 

 CPR CPRT10 CPRT14 

 L:P Tm/°C ΔH/(kJ/mol) L:P Tm/°C ΔH/(kJ/mol) L:P Tm/°C ΔH/(kJ/mol) 

D
M
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C

 

1:0 24.5 19 1:0 24.5 28 1:0 24.5 20 

36:1 24.4 19 27:1 24.5 32 43:1 24.5 19 

27:1 24.5 19 22:1 24.5 34 20:1 24.4 24 

17:1 24.4 19 13:1 24.1 31 12:1 24.4 26 
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Fig. S2. DSC curves for mixtures of CPRT14 with model membranes of DMPG. The molar 

ratios of lipid to peptide (L:P) for each curve are shown in each plot, and the green curves 

represent the peak deconvolution. The results shown are all for the second scan. 
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A3. CG-MD  

A.3.1. Methodology  

Coarse-grained molecular dynamics (CG-MD) simulations of CPR, CPRT10 and CPRT14 

interacting with membrane models of DMPE, DMPG and their mixtures were carried out. The 

CG parameters used for CPs were those corresponding to the polarizable MARTINI force field 

(Martini v2.2 polar amino acids and polarizable water)8, together with the use of distance 

restraints between all the backbone particles to maintain the cyclic morphology. 

In a preliminary work with related peptides9 we assumed that the CPs self-assembled into 

peptide nanotubes at the membrane, introducing restraints to maintain the tubular structure and 

leaving the CPs free once the nanotube was inserted. This approximation allows the quick 

insertion and reorientation of the SCPNs into the lipid bilayer at the cost of losing spontaneity in 

the self-assembling process, which could lead to important consequences: length of the 

nanotube, prevalence of some rotamer conformers, etc. Therefore, in present work, CG-MD 

simulations were carried out starting from a ‘soup’ of randomly distributed CP units and 

studying their spontaneous self-assembly in the presence of a membrane of different 

compositions, and approach also considered by Tarek et al10. 

The CG parameters used for CPs were those corresponding to the polarizable MARTINI force 

field (Martini v2.2 polar amino acids and polarizable water)3, together with the use of distance 

restraints between all the backbone particles to maintain the cyclic morphology (Fig. 1). The 

CG topologies for the CPs were built using the martinize.py tool11 . The bonds and charges of 

the CPs were manually modified to create the cycles. P5 type particles were used for describing 

the backbone of each amino acid. With the objective of maintaining the cycle open, the P5-P5-

 
8 a) S.J. Marrink, H.J. Risselada, S. Yefimov, D.P. Tieleman, A.H. de Vries, The MARTINI 

Force Field:  Coarse Grained Model for Biomolecular Simulations, J. Phys. Chem. B 111 (2007) 

7812-7824; b) L. Monticelli, S.K. Kandasamy, X. Periole, R.G. Larson, D.P. Tieleman, S.-J. 

Marrink, The MARTINI Coarse-Grained Force Field: Extension to Proteins, J. Chem. Theory 

Comput. 4 (2008) 819-834. 

9 B. Claro, E. González-Freire, M. Calvelo, L.J. Bessa, E. Goormaghtigh, M. Amorín, J.R. 

Granja, R. Garcia-Fandiño, M. Bastos, Membrane targeting antimicrobial cyclic peptide 

nanotubes – an experimental and computational study, Colloids Surf., B  (2020) 111349 

10 A. Khalfa, M. Tarek, On the Antibacterial Action of Cyclic Peptides: Insights from Coarse-

Grained MD Simulations, J. Phys. Chem. B, 114 (2010) 2676-2684. 

11 D.H. de Jong, G. Singh, W.F.D. Bennett, C. Arnarez, T.A. Wassenaar, L.V. Schäfer, X. 

Periole, D.P. Tieleman, S.J. Marrink, Improved Parameters for the Martini Coarse-Grained 

Protein Force Field, J. Chem. Theory Comput.  9 (2013) 687-697. 
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P5 angle was described using a harmonic angle potential with θ0 of 135° and a force constant of 

627 kJ·mol-1·rad-2. In order to keep the planarity of the lateral chains, the P51-P52-P53-(lateral 

chain particle)2 improper dihedral was described using a harmonic potential with ξ0= 180° and a 

force constant of 418 kJ·mol-1·rad-2. 

The CPs structures were obtained from previous models4. The membrane structures were 

prepared using the CHARMM-GUI Membrane Builder12. The parameters for DMPC, DMPE 

and DMPG were the standard ones provided from the Martini developers (Martini v2.0 lipids)3a 

13. Four membrane models composed of different mixtures of DMPE, DMPE:DMPG (1:1), 

DMPE:DMPG (1:9) and DMPG were mixed with 160 units of the corresponding peptides 

(CPR, CPRT10 and CPRT14), leading to a molar ratio of lipid to peptide (3:1). All membranes 

used were also simulated in absence of peptides, for comparison. The CG-MD calculations were 

carried out at 37 °C (310.15 K) using the V-rescale thermostat14 and the Parrinello−Rahman 

 
12 a) S. Jo, T. Kim, W. Im, Automated Builder and Database of Protein/Membrane Complexes 

for Molecular Dynamics Simulations, PLOS ONE 2 (2007) e880; b) S. Jo, T. Kim, V.G. Iyer, 

W. Im, CHARMM-GUI: A web-based graphical user interface for CHARMM, J. Comput. 

Chem.  29 (2008) 1859-1865; c) S. Jo, J.B. Lim, J.B. Klauda, W. Im, CHARMM-GUI 

Membrane Builder for Mixed Bilayers and Its Application to Yeast Membranes, Biophys. J. 97 

(2009) 50-58; d) J. Lee, X. Cheng, J.M. Swails, M.S. Yeom, P.K. Eastman, J.A. Lemkul, S. 

Wei, J. Buckner, J.C. Jeong, Y. Qi, S. Jo, V.S. Pande, D.A. Case, C.L. Brooks, A.D. MacKerell, 

J.B. Klauda, W. Im, CHARMM-GUI Input Generator for NAMD, GROMACS, AMBER, 

OpenMM, and CHARMM/OpenMM Simulations Using the CHARMM36 Additive Force 

Field, J. Chem. Theory Comput 12 (2016) 405-413;  e) J. Lee, D.S. Patel, J. Ståhle, S.-J. Park, 

N.R. Kern, S. Kim, J. Lee, X. Cheng, M.A. Valvano, O. Holst, Y.A. Knirel, Y. Qi, S. Jo, J.B. 

Klauda, G. Widmalm, W. Im, CHARMM-GUI Membrane Builder for Complex Biological 

Membrane Simulations with Glycolipids and Lipoglycans, J. Chem. Theory Comput.  15(2019) 

775-786;  f) E.L. Wu, X. Cheng, S. Jo, H. Rui, K.C. Song, E.M. Dávila-Contreras, Y. Qi, J. Lee, 

V. Monje-Galvan, R.M. Venable, J.B. Klauda, W. Im, CHARMM-GUI Membrane Builder 

toward realistic biological membrane simulations, J. Comput. Chem., 35 (2014) 1997-2004. 

13 a) S.J. Marrink, A.H. de Vries, A.E. Mark, Coarse Grained Model for Semiquantitative Lipid 

Simulations, J. Phys. Chem. B, 108 (2004) 750-760; b) T.A. Wassenaar, H.I. Ingólfsson, R.A. 

Böckmann, D.P. Tieleman, S.J. Marrink, Computational Lipidomics with insane: A Versatile 

Tool for Generating Custom Membranes for Molecular Simulations, J. Chem. Theory Comput., 

11 (2015) 2144-2155. 

14 G. Bussi, D. Donadio, M. Parrinello, Canonical sampling through velocity rescaling, J. Chem. 

Phys., 126 (2007) 014101. 
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barostat15 with semi-isotropic pressure coupling. A time step of 20 fs was used for all 

simulations. In each case, all simulations were run at least within 2 μs and using GROMACS 

version 2019.316. The analysis was carried out with GROMACS’ tools and home-made scripts. 

 

Fig. S3. Top view of the last snapshots at t=2 μs from the CG-MD simulation of 160 units of 

CPR, CPRT10 and CPRT14, respectively in the presence of different membrane compositions: 

DMPE, DMPE:DMPG (1:1), DMPE:DMPG (1:9) and DMPG. DMPE lipids are represented in 

orange whereas DMPG lipids are represented in purple. Each residue in the CP is represented in 

a different color. Water molecules have been removed for clarity. 

 
15 M. Parrinello, A. Rahman, Polymorphic transitions in single crystals: A new molecular 

dynamics method, J. Appl. Phys., 52 (1981) 7182-7190. 

16 D.v.d.S. M.J. Abraham, E. Lindahl, B. Hess, and the GROMACS development team, 

GROMACS User Manual version 2019.3, 2019. 
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Fig. S4. Last frame (t=2 μs) of the MD simulations of 160 units of CPR in different 

membrane compositions. The Pg group is represented in yellow, all other amino acid 

residues in pink. Water and lipids are removed for clarification. The membrane drawing is 

just to help the visualization. 
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Fig. S5. Last frame (t=2 μs) of the MD simulations of 160 units of CPRT10 in different 

membrane compositions. The C10-alkyl tail is represented in yellow, all other amino acid 

residues in pink. Water and lipids are removed for clarification. The membrane drawing is just 

to help the visualization. 



226    
 

FCUP 
Characterization of the Self-Assembling of antimicrobial D,L- α Cyclic 
Peptides at Bacterial Model Membranes 

 

 

 

 

 

 

Fig. S6. Last frame (t=2 μs) of the MD simulations of 160 units of CPRT14 in different 

membrane compositions. The C14-alkyl tail is represented in yellow, all other amino acid 

residues in pink. Water and lipids are removed for clarification. The membrane drawing is just 

to help the visualization. 
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Fig. S7. MD simulations of 160 units of system CPRT10 in DMPE:DMPG(1:1) at different 

times (2 microseconds and 20 microseconds). The C10-alkyl tail is represented in yellow, all 

other amino acid residues in pink. Water and lipids are removed for clarification. The membrane 

drawing is just to help the visualization. 

 

 

 

Fig. S8. MD simulations of 160 units of system CPRT14 in DMPE:DMPG(1:1) at different 

times (2 microseconds and 20 microseconds). The C14-alkyl tail is represented in yellow, all 

other amino acid residues in pink. Water and lipids are removed for clarification. The membrane 

drawing is just to help the visualization.  
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A4. ATR-FTIR 

A.4.1. Methodology 

The incidence angle was 45° and 32 scans were recorded for each spectrum between 4000 and 

550 cm-1, at a resolution of 4 cm-1. The dichroic spectra were measured with an adapted grid 

polarizer KRS-5 from Specac. 

All samples were prepared in salt-free water with the pH adjusted to 7.45 with a pH meter Five 

Easy and an electrode LE438 from Mettler Toledo. The mixtures of CPs and lipids were mixed 

at appropriate Lipid:Peptide (L:P) molar ratios and incubated at ca 10 °C above the transition 

temperature of the respective lipid system for 30 min. A 2 µL sample was deposited on the 

diamond crystal and the solvent was slowly evaporated under a gentle N2 flux to spread the 

liquid over the useful crystal surface, making an oriented multilayer film. While evaporating, 

capillary forces flatten the membranes, which spontaneously form these oriented multilayer 

arrangements17. 

The background spectra were recorded in air and all the measurements were carried out at room 

tem-perature. All spectra were analyzed with the program “Kinetics Spectra”18. 

 

 
17 U.P. Fringeli, H.H. Günthard, Infrared membrane spectroscopy,  Membrane spectroscopy, 

Springer 1981, 270-332. 

18 E. Goormaghtigh, J.M. Ruysschaert, R. Brasseur, Polarized attenuated total reflection 

spectroscopy as a tool to investigate the conformation and orientation of membrane 

components, Molecular description of biological membranes components by computer aided 

conformational analysis, (1990) 285-332. 
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Fig. S9. ATR-FTIR results for DMPE:DMPG (1:9) with CPR (A), CPRT10 (B) and CPRT14 

(C). The molar ratios are shown in each curve. 

 

 

 

 

 

 

 

A B 

C 
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Fig. S10.  ATR-FTIR results for DMPE:DMPG (1:1) with CPR (A), CPRT10 (B) and 

CPRT14 (C). The molar ratios are shown in each curve. 

  

A B 

C 
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Abstract 

 

Fluorescence spectroscopy is used to characterize the partition of three second 

generation D,L-α-cyclic peptides to two lipid model membranes. The peptides have 

proven antimicrobial activity, particularly against Gram positive bacteria, and the model 

membranes are formed of either with 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (DMPG) or its mixture with 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine (DMPE), at a molar ratio of (1:1). The peptide’s intrinsic 

fluorescence was used in the Steady State and/or Time Resolved Fluorescence 

Spectroscopy experiments, showing that the peptides bind to the membranes, and the 

extent of their partition is thereof quantified. The peptide-induced membrane leakage 

was followed using an encapsulated fluorescent dye.  

Overall, the partition is mainly driven by electrostatics, but also involves hydrophobic 

interactions. The introduction of a hydrocarbon tail in one of the residues of the parent 

peptide, CPR, adjacent to the tryptophan (Trp) residue, significantly improves the 

partition of the modified peptides, CPRT10 and CPRT14, to both membrane systems. 

Further, we show that the length of the tail is the main distinguishing factor for the 

extension of the partition process. 

The parent peptide induces very limited leakage, at odds with the peptides with tail, that 

promote fast leakage, increasing in most cases with peptide concentration, and being 

almost complete for the highest peptide concentration and negatively charged 

membranes.  

Overall, the results help the unravelling of the antimicrobial action of these peptides and 

are well in line with their proven high antimicrobial activity.   

1. Introduction 
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The excessive use and misuse of antibiotic therapy led through the years to 

the presently alarming situation due to the huge increase of multi-resistant 

pathogens [1-3]. In the last decades, several attempts were followed to tackle this 

problem, searching for solutions that might counteract, or at least minimize, 

antibiotic resistance. The study of natural antimicrobial peptides (AMPs), known 

to be present in the defense systems of all forms of life [4,5], together with their 

production and synthetic modification towards more effective ones, has been an 

innovative scientific research area within this important global health care issue.  

Most AMPs are cationic at physiological pH, promoting their strong interaction 

with the negatively charged headgroups of the phospholipid, that are more 

abundant at the outer surface of bacteria, leading to a desired specificity towards 

bacterial cells. Further, they usualy adopt an amphipathic conformation that 

facilitates their anchoring/translocation and destruction of the pathogen’s lipid 

bilayers [4,6]. 

Several AMPs’ mechanisms of action have been proposed in the litterature [7-9], 

but in many cases their actual action remains elusive, and clearly depends on 

peptide and pathogen. Pore formation, membrane segregation/permeabilization, 

eventualy leading to membrane micellization, disruption and aggregation are all 

phenomena that have been observed, resulting from rearrangements of AMPs at 

the lipid membrane. These processes are accompanied by the leakage of vital 

components, such as ions and other metabolites, leading to cell death [4,10-14].  

Most studied AMPs are linear, but recently it has been shown that cyclization 

enhances the antimicrobial activity [15-18]. Within this group, D,L-α-cyclic 

peptides (D,L-α-CPs) with an even number of D- and L- α-amino acids are 

viewed as a new class of potential AMPs [11,17,19]. The amide groups present in 
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the backbone of the cyclic peptides (CPs) arrange perpendicularly to the plane of 

the cyclic structure, in a flat-ring-shape conformation. Under appropriate 

conditions, intermolecular hydrogen bonds are formed between the rings, creating 

tubular β-sheet structures, referred to as self-assembled cyclic peptide nanotubes 

(SCPNs). The antimicrobial CPs also form cationic amphiphilic nanotubes, as the 

natural AMPs. In the presence of lipid membranes, these supramolecular 

structures are easily formed, being in many cases the active form of CPs. The 

properties of the nanotubes can be altered, most commonly by varying the 

number and/or the type of amino acids present, thereby changing the diameter 

and outer surface of the nanotube [20,21]. This allows the tunning of the 

antimicrobial activity. The presence of D-amino acids in the CPs structure 

increases their resistance to protease degradation, making these cyclic peptides 

very promising antimicrobial candidates [11,20,22,23]. Although the mechanisms 

by which they kill bacteria are not yet fully understood, they seem to follow the 

usual antimicrobial peptide’s pattern - the positive side chains of the amino acids 

in the peptides that are pointing outwards target the bacterial membrane through 

electrostatic interactions and the hydrophobic side chains help the partition into 

the lipid membrane [19,22,24]. 

We have previously performed biophysical experiments (Differential Scanning 

Calorimetry, DSC, and Attenuated Total Reflection-Fourier Transformed 

InfraRed spectroscopy, ATR-FTIR) combined with Molecular Dynamics (MD) 

simulations to characterize the interaction of a plethora of these antimicrobial 

D,L--CPs with different lipid model membranes. In this work, we focused on 

three second generation D,L-α-cyclic peptides, designated as CPR (c-

[RSKSWPgKQ]), CPRT10 (c-[RSKSWXC10KQ]) and CPRT14 (c-
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[RSKSWXC14KQ]) [25] (the underlined residues are D-amino acids), which were 

developed based on previously studied antimicrobial cyclic peptides [11, 17], and 

showed very good antimicrobial activity, particularly against gram positive 

bacteria [26]. CPR, CPRT10 and CPRT14 contain one arginine (R) and two 

lysines (K) (three charged residues, net charge +3), a glutamine (Q) and two 

serines (S) (three polar non-charged residues) and a tryptophan (W) (a 

hydrophobic residue). The three peptides have a propargylglycine residue (Pg), or 

the corresponding “Clickabled” derivatives, noted by X, that represents (S)-2-

amino-3-(1-alkyl-1λ2,2,3-triazol-4-yl)propanoic acid to which a hydrocarbon tail 

is attached in the case of CPRT10 and CPRT14, with ten and fourteen CH2 

groups, respectively. To further clarify their mechanism of action, we have now 

used fluorescence spectroscopy to characterize both their partition to lipid 

membranes and the peptide-induced membrane leakage pattern of a self-

quenched encapsulated fluorescent dye. In the case of the partition experiments, 

we took advantage of the intrinsic fluorescence properties of the CPs, as they all 

share a Trp residue. As regarding the membrane permeabilization studies we used 

an extrinsic fluorescent probe, carboxyfluorescein (CF), to follow its peptide-

induced leakage kinetics from liposomes. 

Large unilamellar vesicles (LUVs) of pure 1,2-dimyristoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (DMPG) and its mixture with 1,2-dimyristoyl-sn-

glycero-3-phosphoethanolamine (DMPE), at a molar ratio of (1:1) were used as 

models for bacterial membranes. For the leakage studies with CF, 1-palmitoyl-2-

oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), as well as its mixture 

with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) at the 

same molar ratio as in the partition studies, (1:1) were used instead because the 
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acyl chains of DMPE and DMPG were found to be too short to efficiently 

encapsulate the fluorescent dye (results not shown). 

 

 

Fig. 1 D,L-α-cyclic peptides A) CPR (c-[RSKSWPgKQ]), B) CPRT10 (c-

[RSKSWXC10KQ]) and C) CPRT14 (c-[RSKSWXC14KQ]). In the amino acid 

composition Pg denotes propargylglycine, while X denotes (S)-2-amino-3-(1-alkyl-

1λ2,2,3-triazol-4-yl) propanoic acid and the underline residues are D-amino acids. 
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2. Materials and Methods  

2.1. Preparation and Size Characterization of Liposomes for the Partition Studies 

Large Unilamellar Vesicles (LUVs) were obtained as described in our previous studies 

[11,25]. The lipids DMPE and DMPG (Avanti Polar Lipids, Alabama, USA) were 

dissolved in chloroform/methanol [87.4:12.6 %(v/v)], either as pure DMPG or as a 1:1 

mixture, and subsequently dried overnight under vacuum to obtain a film. Thereafter the 

lipid film was hydrated with buffer [HEPES (10 mM HEPES, 150 mM NaCl, 0.02% 

NaN3, 1 mM EDTA), all purchased from Sigma-Aldrich, Germany), pH 7.45]. The 

MLVs suspension, obtained after several cycles of vortex/incubation, at a temperature 

above Tm, was then frozen in liquid nitrogen and thawed above Tm, repeating 3 times. 

LUVs were obtained by extrusion of the MLVs in a 10 mL stainless steel extruder from 

Lipex Biomembranes Inc. (Vancouver, Canada), under inert (N2) atmosphere using two 

staked polycarbonate filters with a pore diameter of 100 nm [Whatman, Nucleopore 

(NJ, USA)]. The final phospholipid concentration was determined using a modified 

version of the Bartlett phosphate assay [11, 27] and the average particle size of the 

LUVs were measured by dynamic light scattering (DLS) after preparation and in the 

following day before use. Average particle diameters between 110-115 nm were always 

obtained, with polydispersity indexes always <0.1.  

 

2.2. Preparation of Liposomes for the Leakage experiments 

10 mM solutions of POPG and its (1:1) mixture with POPE were prepared for the 

leakage experiments following the same lipid film procedure described above. The 

Multilamellar Vesicle’s Suspension (MLVs) was obtained using a different hydration 

solution. A 40mM CF (Sigma-Aldrich, Germany) solution was prepared beforehand, by 

dissolving initially the required amount of the dye in 50 L of a 1 mol/dm3 NaOH 
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solution, to which the buffer described above [HEPES (10 mM HEPES, 150 mM NaCl, 

0.02% NaN3, 1 mM EDTA, pH 7.45] was added dropwise under stirring, until the 

desired final volume was obtained. Finally, the pH was adjusted to 7.45 as before. The 

suspensions of MLVs with CF were then extruded to obtained LUVs loaded with CF, 

by using a manually powered extruder Liposofast-Basic (BPS, UK), with 0.5 mL 

capacity, and two superimposed 100 nm pore diameter polycarbonate filters [Whatman, 

Nucleopore (NJ, USA)], covered with aluminum foil to protect the solution from light. 

Three sequences of extrusion/vortex/freeze-thaw cycles were made, followed by 30-40 

passages through the polycarbonate filters. The size of the liposomes was also 

confirmed by DLS, with values between 110-115 nm. 

Upon extrusion, the excess of CF that remained free in solution (i.e., CF not 

encapsulated inside the LUVs), was removed from the LUVs suspension, following a 

procedure adapted from Huláková S. et al. [28]. To this end, three independent 

preparations of 0.5 g of Sephadex™ G-50 were weighted, soaked with 7mL of buffer 

and kept for 24h in the refrigerator. Thereafter, each soaked Sephadex™ G-50 sample 

were transferred into three different columns made of 5 ml disposable syringe, with a 

glass microfiber filter (Whatman GF/B) placed at the bottom of the syringe, and the 

columns were centrifuged at 1000 g for 5 min to remove the excess buffer. Afterwards, 

the prepared 10 mM LUVs were added dropwise to the top of one of the Sephadex™ G-

50 columns, and allowed to rest for 5 min. This column was then centrifuged for 7 min 

at 500 g, followed by 3 min at 1000 g. The LUVs suspension recovered from the first 

column was subsequently passed through the second column, with the same 

centrifugation cycle, i.e., 7 min at 500 g, followed by 3 min at 1000 g. This process was 

repeated with the third column. Altogether this process improved the efficiency of 

removal of nonencapsulated CF. The total lipid concentration was rigorously 
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determined thereafter using a modified version of the Bartlett phosphate assay [11, 27] 

and the average particle size of the LUVs were measured by DLS. The lipid suspensions 

were then diluted to the desired lipid concentration to be used in the leakage studies, 

namely, a total lipid concentration of 52 μM and 42 M for POPG and POPE:POPG 

(1:1), respectively.  

 

3. Experimental methods 

3.1. Steady-State fluorescence intensity and anisotropy measurements 

To assess the partition of the CPs to the model membranes by steady-state fluorescence 

measurements, stock peptide solutions were prepared, and their concentration 

determined by UV-VIS by measuring their absorbance at 280 nm, and using a molar 

extinction coefficient, , of 5690 M-1cm-1. From these, peptide solutions at 10 M for 

CPR and CPRT10, and 13 M for CPRT14 were prepared in HEPES buffer. Then, an 

appropriate volume of the 3 mM stock solution of DMPG or DMPE:DMPG (1:1) LUVs 

were added to each CP solution, covering the range 0 – 1000 M in phospholipid 

concentration, to obtain independent samples at different lipid:peptide ratios (L:P). The 

measurements were carried either on a HORIBA Jobin Yvon Fluorolog-3-21 

spectrofluorometer (Kyoto, Japan), equipped with a FI-3751 thermoelectric temperature 

controller (Wavelength Electronics) or on a SLM-AMINCO 8100 spectrofluorometer 

(SLM Instruments Inc., Urbana, IL) with temperature controlled by a thermostatic bath 

(Julabo F25, Houston, TX, USA). The mixtures were prepared and allowed to 

equilibrate for 30 min at 45°C prior to the fluorescence measurements performed at 

38oC, in 0.5 cm x 0.5 cm quartz cuvettes (Hellma, Belgium) with constant stirring, after 

an equilibration period of 1 min. The samples were excited at 280 nm and their 

emission spectra were collected between 290-450 nm. The integration time was 0.5 s 
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and the slits were 5 nm or 4 nm for both the emission and the excitation settings for the 

HORIBA Jobin Yvon Fluorolog and SLM AMINCO 8100 spectrofluorometers, 

respectively. For the steady-state fluorescence anisotropy measurements, the samples 

were excited at 280 nm and the emission was at 340 nm. The slits were 10 nm for both 

the emission and the excitation, respectively, for HORIBA Jobin Yvon Fluorolog, and 8 

nm and 16 nm for excitation and the emission settings, respectively, for the SLM 

AMINCO 8100. The background intensities were always considered and subtracted 

from the measured sample fluorescence intensities. In the fluorescence anisotropy 

measurements, the range of lipid concentrations was low enough to prevent any 

artificial depolarization of the fluorescence emitted by the CPs.  

The spectral center-of-mass (intensity-weighted average emission wavelength, < λ >) of 

the CPs emission spectra was calculated according to: 

 

〈𝜆〉 = ∑(𝐼𝑖𝜆𝑖)/

𝑁

𝑖=1

∑(𝐼𝑖)

𝑁

𝑖=1

 (1) 

 

where 𝐼𝑖 is the fluorescence intensity value for each wavelength, 𝜆𝑖 [29].  

The steady-state fluorescence anisotropies, 〈𝑟〉, were obtained by measuring the 

polarized components of the fluorescence emission according to: 

 

〈𝑟〉 =
𝐼𝑉𝑉 − 𝐺𝐼𝑉𝐻  

𝐼𝑉𝑉 + 2𝐺𝐼𝑉𝐻
 (2) 

 

Where IVV and IVH are the fluorescence intensities for the parallel and horizontal 

emission component, both recorded when the sample is excited with vertically polarized 

light. The G-factor, defined as 𝐼𝐻𝑉/𝐼𝐻𝐻, is an instrumental correction factor for the 

different sensitivity of the detection system of the instrument for the vertical and 

horizontal polarized light. This factor considers the transmission efficiency of the 
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monochromator to the polarization of the light and helps to correct the measurements 

for experimental artifacts [30, 31]. The background intensities for the lipid suspension 

without CPs were always considered and subtracted from the measured sample 

intensities. 

 

3.2. Time-resolved fluorescence intensity and anisotropy measurements 

Time-resolved fluorescence measurements (TRFS) were performed by the time-

correlated single-photon timing technique (TCSPT) [30]. Fluorescence intensity decays, 

I(t), with picosecond resolution were obtained at 38 oC by exciting the samples at 282 

nm using a frequency doubled dye laser Rhodamine 6G laser (Coherent 701-2), cavity 

dumped (3.7 MHz repetition rate), synchronously pumped by a mode-locked Ar laser 

(514.5 nm, Coherent Innova 400-10). The emission was detected at 340 nm by a 

Hamamatsu R-2809 MCP photomultiplier (Jobin-Yvon HR320 monochromator) with 

an emission polarizer set at the magic angle (54.7º) relative to the vertically polarized 

excitation beam. The instrument response function (IRF) was recorded while the 

excitation light was scattered by a Ludox solution [silica and colloidal water solution 

(Aldrich, Milwaukee, USA)].  

The fluorescence intensity decays were collected using a multichannel analyzer with a 

time window of 1024 channels, typically using a time scale of 12.2 or 16.3 ps/channel. 

The complex decay of tryptophan residues was described by a sum of exponentials as: 

 

𝐼(𝑡) = ∑ 𝛼𝑖𝑒
−𝑡/𝜏1

𝑛

𝑡=1

 (3) 

 

where αi is the normalized amplitude and 𝜏𝑖 is the lifetime for the ith decay component. 

The fractional fluorescence intensity, 𝑓𝑖, associated to each decay component i is: 
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𝑓𝑖 = 𝛼𝑖𝜏𝑖 ∑ 𝛼𝑖𝜏𝑖

𝑛

𝑡=1

⁄  (4) 

 

and the amplitude-weighted mean fluorescence lifetime, 𝜏̅, was calculated according to: 

 

𝜏̅ = ∑ 𝛼𝑖𝜏𝑖

𝑛

𝑡=1

 (5) 

 

This parameter is proportional to the area under the fluorescence intensity decay curve 

and consequently to the fluorescence quantum yield of the fluorophore in the absence of 

static quenching [32].  

The two orthogonal components of the fluorescence emitted by the sample, parallel, 

I//(t), and perpendicular, I⊥(t), to the plane of polarization of the excitation beam, were 

also recorded sequentially by automatically alternating the orientation of the emission 

polarizer every 30 or 60 s. The time-resolved fluorescence polarization measurements 

were then globally analyzed as previously described [32, 33] by fitting the anisotropy 

decay curves, r(t), with a sum of discrete exponential terms: 

 

𝑟(𝑡) =  ∑ 
𝑖

exp(−𝑡 
𝑖

⁄

𝑛

𝑖=1

) + 𝑟 (6) 

 

Here, i and i are the normalized amplitude and the rotational correlation time of the ith 

decay component of the anisotropy, respectively, and r is the residual anisotropy [32].  

The fluorescence intensity and anisotropy decays were analyzed using the TRFA Data 

Processer Advanced version 1.4 from the Scientific Software Technologies Center 

(Belarusian State University) as previously described [33]. The usual criteria (reduced 
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2<1.3 and a random distribution of weighted residuals and autocorrelation plots) were 

used to evaluate the goodness of the fits [30]. 

 

3.3. Steady-State fluorescence measurements in Carboxyfluorescein leakage 

experiments 

Possible leakage of the lipid membranes induced by the cyclic peptides was followed 

using the loaded CF LUVs. The experiments were performed in a PTI QuantaMasterTM 

8075-21 HORIBA spectrofluorometer (HORIBA Scientific), equipped with a 75-W 

short arc Xenon lamp (UXL-75XE, Ushio Inc. Japan), and a single emission/excitation 

monochromator.  

The peptide concentrations used were 1, 5 and 10 μM, and the lipid concentrations were 

52 M and 42 M, for POPG and POPE:POPG (1:1).  

The CPs were added to the LUVs at 27 °C and the data were recorded at an excitation 

and emission wavelength of 492 nm and 517 nm, respectively. The excitation/emission 

slits were 2/2 nm, with 5 points acquired per second, and the measurements were 

recorded for ~20 min. The fluorescence intensity of CF-loaded vesicles was initially 

recorded for 120 s, the time point of CPs addition to each system. The change in 

fluorescence intensity continued to be recorded until it reached a stable value. At this 

point, 10 L of a 0.1% (v/v) TritonTM-X-100 (Sigma-Aldrich, Germany) solution was 

added, to obtain 100% release of the entrapped CF. 

 

4. Determination of Partition Constants  

Considering a simple partition equilibrium between the aqueous phase (W) and the lipid 

bilayer phase (L), the partition constant of the CPs to the model membranes can be 

described according to Eq. (7) [34]: 



248    
 

FCUP 
Characterization of the Self-Assembling of antimicrobial D,L- α Cyclic 
Peptides at Bacterial Model Membranes 

 

 

 

𝐾𝑝,𝑥 =  

𝑛𝐿
𝑃

𝑛𝐿 + 𝑛𝐿
𝑃

𝑛𝑊
𝑃

𝑛𝑊 + 𝑛𝑊
𝑃

  (7) 

 

where 𝐾𝑝,𝑥 is a dimensionless mole-fraction partition constant of the peptide, 𝑛𝐿 and 𝑛𝑊 

are the number of moles of lipid and water, respectively, and 𝑛𝑖
𝑃 is the number of moles 

of peptide present in each phase (i can be L, lipid phase or W, aqueous phase). 

Considering that 𝑛𝑊 ≫ 𝑛𝑊
𝑃 , and 𝑛𝐿 ≫ 𝑛𝐿

𝑃, as high membrane-bound concentrations of 

the peptides are avoided to prevent deviations from the ideal partitioning model due to 

peptide/peptide interactions at the water/membrane surface or in the lipid bilayer, Eq. 

(7) can be simplified as: 

 

𝐾𝑝,𝑥 =  

𝑛𝐿
𝑃

𝑛𝐿

𝑛𝑊
𝑃

𝑛𝑊

  (8) 

 

This expression for Kp,x can also be related to the Nernst partition constant,                            

(𝐾𝑝 = [(𝑛𝐿
𝑃 𝑉𝐿⁄ ) (𝑛𝑊

𝑃 𝑉𝑊⁄ )⁄ ]), by simply replacing the volumes of water and lipid by 

their respective molar volumes,  𝛾𝑊 and 𝛾𝐿, respectively, leading to: 

 

𝐾𝑝 =  𝐾𝑝,𝑥 ×  
𝛾𝑊

𝛾𝐿
  (9) 

 

In this study, we have used this formalism as applied to fluorescence data to study the 

influence of membrane lipid composition on the partition behavior of each CP. 

For the time-resolved fluorescence measurements, Eq. (10) was fitted to the 

experimental values of the amplitude-weighted mean fluorescence lifetime, 𝜏̅, as a 

function of the lipid concentration in the outer leaflet, |𝐿|, to retrieve the molar fraction 
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partition constant, Kp, and the mean fluorescence lifetime of each CP in the lipid phase, 

𝜏�̅� 

 

𝜏̅ =   
𝜏�̅� + 𝐾𝑝  𝛾𝐿 |𝐿| 𝜏̅𝐿 

1 + 𝐾𝑝  𝛾𝐿 |𝐿| 
  

(10) 

 

The values used throughout for the lipid molar volumes, 𝛾𝐿, were 0.66 dm3.mol-1 for 

DMPG and 0.64 dm3.mol-1 for DMPE:DMPG (1:1). 

In the case of steady-state fluorescence anisotropy measurements, Eq. (11) shows its 

relation to the lipid concentration in a simple two-state partition system [35]: 

 

< 𝑟 >𝑆𝑆=
< 𝑟 >𝑤 ((𝛾𝐿[𝐿])−1 − 1) +< 𝑟 >𝐿 𝐾𝑝𝜀𝐿𝜑𝐿/(𝜀𝑤𝜑𝑤)

(𝛾𝐿[𝐿])−1 − 1 + 𝐾𝑝𝜀𝐿𝜑𝐿/(𝜀𝑤𝜑𝑤)
  

(11) 

 

where < 𝑟 >𝑊 and < 𝑟 >𝐿 are the anisotropies of the cyclic peptide in the aqueous and 

in the lipid phases, and 𝜀𝑖 and 𝜑𝑖 are the molar absorption coefficient and fluorescence 

quantum yield of CP in each phase (i= W, aqueous phase and i= L, lipid phase, 

respectively). If 𝜀𝑤 ≈ 𝜀𝐿and 𝛾𝐿[𝐿] << 1 conditions present in our experimental 

conditions, Eq. (11) becomes [35]: 

 

< 𝑟 >𝑆𝑆=
< 𝑟 >𝑤 ((𝛾𝐿[𝐿])−1 − 1) +< 𝑟 >𝐿 𝐾𝑝(𝜑𝐿/𝜑𝑤)

(𝛾𝐿[𝐿])−1 − 1 + 𝐾𝑝(𝜑𝐿/𝜑𝑤)
   

(12) 

 

This Eq. was fitted to the obtained values of the steady-state anisotropy as a function of 

lipid concentration (outer leaflet). 

In both cases the data were analyzed using the Origin software 7.0. 

 

 

 

5. Results and discussion 
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5.1. Fluorescence properties of the cyclic peptides in buffer 

Trp residues are excellent reporters of their local environment since their fluorescence 

emission properties are extremely sensitive to the polarity of the surrounding medium 

[36]. The spectral center-of-mass of the three CPs, <>, was calculated from the 

corrected fluorescence emission spectra obtained for CPR, CPRT10 or CPTR14 in 

buffer, and are summarized in Table 1. The spectral center-of-mass of the three CPs is 

<>~ 363nm (Table 1), very close to <>= 366nm obtained for the reference compound 

N-acetyl-L-tryptophanamide, revealing the full exposure of their Trp residues to the 

aqueous solution.  The fluorescence intensity decays obtained for the three CPs were 

well described by three exponential terms with lifetime components 1= 0.31  0.04 ns, 

2= 1.23  0.07 ns and 3= 2.9  0.2 ns, respectively (Table S1). The fractional 

intensities associated with the intermediate and long-lived lifetime components (f2= 0.59 

 0.04 and f3= 0.34  0.06, respectively) were clearly dominant in all three cases.  
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Table 1. Fluorescence emission properties of CPR, CPRT10 and CPRT14 in aqueous 

buffer or in the presence of 500 M (outer leaflet) DMPG  or DMPE:DMPG (1:1) 

LUVs at 38 oC (spectral center-of-mass, <>, mean fluorescence lifetime, 𝜏̅, and steady-

state fluorescence anisotropy, < 𝑟 >𝑆𝑆). 

 

Peptide Medium 
<> 

(nm) 

�̅� 

(ns) 
< 𝒓 >𝑺𝑺 

     

 

CPR 

Buffer 364 1.3 0.016  0.005 

DMPG 351 1.7 0.072  0.004 

DMPE:DMPG (1:1) 360 1.5 0.050  0.004 

     

 

CPRT10 

Buffer 363 1.2 0.016 0.003 

DMPG 349 2.1 0.086  0.006 

DMPE:DMPG (1:1) 350 2.4 0.087  0.005 

     

 

CPRT14 

Buffer 362 1.2 0.025  0.007 

DMPG 351 2.1 0.090  0.009 

DMPE:DMPG (1:1) 350 2.2 0.121  0.011 

 

 

The time resolved fluorescence anisotropy of each peptide in buffer decayed 

monoexponentially to zero at long times (Fig. 2), indicating that there was no significant 

self-association of the studied CPs in solution at this concentration and temperature. 

Furthermore, the very short rotational correlation times recovered from these 

fluorescence anisotropy decays, 1~ 200 – 400 ps (Table 2), agree with the expected 

small hydrodynamic volumes for these low molecular weight cyclic peptides. 

Accordingly, and given the similarities in the mean fluorescence lifetime of the 

peptides, the steady-state fluorescence anisotropies measured for CPR, CPRT10 or 

CPTR14 in aqueous solution were also very low (< 𝒓 >𝑺𝑺 ~ 0.02 – 0.03 (Table 1)). In 
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conclusion, both the steady-state and time-resolved anisotropy measurements indicate 

that the CPs studied here remained essentially monomeric in solution at the low peptide 

concentration of 10 M and the temperature of 38 oC used in these assays. This non-

associative behavior at 10 M is in line with the reported critical association 

concentration (cac) of 13-15 M for CPRT10, and is only slightly higher than the 

recently reported CPRT14 cac ~ 5 M [26]. It should be noted that while the intrinsic’s 

peptide’s fluorescence (Trp) was exploited here, the authors used two extrinsic 

fluorescent probes, Nile red and Thioflavine T, to monitor the self-association of the 

CPs in aqueous solution. Furthermore, a different buffer (PBS 10 mM, 107 mM NaCl, 

pH 7.4) and a significantly lower temperature, 20 oC (compared to 38 oC here) were 

used in the former study.  

 

 Fig. 2 – Time-resolved fluorescence anisotropy of CPR (A), CPRT10 (B) and 

CPRT14 (C) in the absence (buffer) and in the presence of lipid vesicles. The 

experimental data (black curves) at 38 oC and the corresponding fits are shown for the 

measurements performed in buffer (red curves) as well as in the presence of 500 M 

(outer leaflet) DMPG (yellow curves) or DMPE:DMPG (1:1) (blue curves). The fitted 

parameters (rotational correlation time, i, amplitude, 1, and residual anisotropy, r) 

are summarized in Table 2. The weighted residues (W. Res.) are also displayed under 

each anisotropy decay. The anisotropy decays were measured using a time scale of 12.2 

or 16.5 ps/channel. 

Table 2. Time-resolved fluorescence anisotropy parameters (rotational correlation time, 

i, amplitude, 1, and residual anisotropy, r) for CPR, CPRT10 and CPRT14 in 
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aqueous buffer or in the presence of 500 M (outer leaflet) DMPG or DMPE:DMPG 

(1:1) vesicles at 38 oC. 

 

Peptide Medium 1 

1 

(ns) 
r r(0) 2 

       

 

CPR 

Buffer 0.085 0.20  0.085 1.001 

DMPG 0.045 1.4 0.050 0.095 1.276 

DMPE:DMPG (1:1) 0.050 0.31 0.022 0.072  

       

 

CPRT10 

Buffer 0.083 0.34  0.083 1.179 

DMPG 0.080 2.5 0.042 0.122 1.218 

DMPE:DMPG (1:1) 0.075 1.6 0.054 0.129 1.061 

       

 

CPRT14 

Buffer 0.079 0.46  0.079 1.280 

DMPG 0.088 2.5 0.066 0.154 1.282 

DMPE:DMPG (1:1) 0.085 2.7 0.099 0.184 1.159 

  

 

5.2. CP partition to DMPG vesicles 

The interaction of CPR, CPRT10 and CPTR14 with lipid membranes was first studied 

using large unilamellar anionic vesicles prepared with DMPG. The fluorescence 

emission spectra of all CPs were progressively blue-shifted as the lipid concentrations 

varied between 5-500 M (outer leaflet) DMPG, indicating that the Trp residue of each 

peptide is moving from an aqueous (polar) to the lipid surface (less polar environment).  

The overall change in the spectral center-of-mass was very similar for the three CPs 

studied at concentrations up to 500 M of lipid (outer leaflet) [<>~ - 12 nm (Fig. 3A 

and Table 1)], although much less lipid was required for CPRT10, and particularly 

CPRT14, to reach their plateau values of <>~ 350nm (Fig. 3A). Since the deeper the 

penetration of the indole group of the Trp residue in a lipid membrane, the larger the 
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blue shift in its emission spectra is [37], all CPs must share a similar shallow location 

upon fully binding to the membrane surface. 

Fig.3 – CP binding to lipid vesicles monitored by steady-state fluorescence 

spectroscopy. The changes in the spectral center-of-mass, <>, of CPR (black squares), 

CPRT10 (blue circles) and CPRT14 (red triangles) were measured as a function of 

lipid concentration (here represented as outer leaflet lipid concentration, ([L])ext) using 

DMPG (A) and DMPE:DMPG (1:1) (B) vesicles at 38 oC. The dashed lines are just a 

‘guide for the eye’. 

 

Concomitantly to the spectral alterations, there was an increase in the fluorescence 

intensity of CPR, CPRT10 and CPRT14 with the lipid concentration used. However, 

since the peptide-membrane interaction was strongly electrostatically driven, it was 

accompanied by some peptide-induced vesicle aggregation and precipitation. Therefore, 

we sought to use the amplitude-weighted mean fluorescence lifetime, 𝜏̅  as a function of 

lipid concentration to determine the partition constant, 𝐾𝑝  of each CP studied, in both 

lipid systems. The performance of time-resolved fluorescence measurements avoids 

possible artifacts caused by significant light scattering from the vesicle suspension 

and/or peptide-induced liposome flocculation that is known to occur in these systems 

[34, 38]. In addition, the lifetime of a fluorophore is usually an intrinsic molecular 
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property dependent on its environment but independent of its concentration, i.e., it is an 

absolute measurement, at variance with its steady-state fluorescence intensity.  

The mean fluorescence lifetime of the hydrocarbon-modified peptides, CPRT10 and 

CPRT14, increased hyperbolically from 𝜏̅  ~ 1.3 ns up to 𝜏̅ ~ 2.1 ns with the DMPG 

concentration added to the solution (Table S1 and Fig. 4A). All fluorescence intensity 

decays for these CPs were again adequately fitted by a triple exponential function, but 

the fractional intensities associated with the intermediate and long-lived lifetimes of 2= 

1.6 ns and 3= 3.8 ns now reached f2= 0.29 and f3= 0.66, respectively, at the highest lipid 

concentration (outer leaflet) used (Table S1). Eq. (10) was non-linearly fitted to the 𝜏̅  vs 

lipid concentration data (outer leaflet) and the obtained parameters 𝐾𝑝 and 𝜏�̅� are 

presented in Table 3. By increasing the length of the hydrophobic tail from C10 to C14, 

the partition constant of CPRT14 towards DMPG membranes increased by an order of 

magnitude compared to the one obtained for CPRT10: (2.6  0.6) ×105 vs (2.2  0.5) × 

104, respectively (Table 3). Since the mean fluorescence lifetime, 𝜏̅, is proportional to 

the quantum yield in the absence of static contributions, it can be also concluded that 

the quantum yield of the membrane-anchored peptides, CPRT10 and CPRT14, is 

approximately 2-fold higher than the value presented by either CP in aqueous solution. 

 

 



256    
 

FCUP 
Characterization of the Self-Assembling of antimicrobial D,L- α Cyclic 
Peptides at Bacterial Model Membranes 

 

 

Fig. 4 – CP binding to lipid vesicles monitored by time-resolved fluorescence 

spectroscopy. The changes in the amplitude-weighted mean fluorescence lifetime, 𝜏̅, of 

CPR (black squares), CPRT10 (blue circles) and CPRT14 (red triangles) were 

measured as a function of lipid concentration (outer leaflet, [L])ext) using DMPG (A) 

and DMPE:DMPG (1:1) (B) lipid vesicles at 38oC. The solid lines correspond to the 

best fit of Eq. (10) to the TRFS data, and the dashed lines in the case of CPR are just a 

‘guide for the eye’. The parameters retrieved for CPRT10 and CPRT14, 𝐾𝑝 and �̅�𝐋 are 

summarized in Table 3.  

 

In the case of CPR, a more complex, biphasic behavior was detected. The mean 

fluorescence lifetime of the peptide initially decreased with the lipid concentration, 

reaching a minimum of ~1.07 ns at 25 M (outer leaflet) of DMPG, and then 

progressively increased with the lipid concentration used (Fig. 4A). These results are 

consistent with the occurrence of self-quenching [39] when a high surface concentration 

of peptide is reached at very low L:P ratios [33] which, in turn, most probably drives the 

self-association of CPR into nanotubes at the membrane surface [25]. The membrane 

induced self-association is in line with our previous results, where MD studies showed 

that at high peptide concentration CPR self-assembles into nanotubes at DMPG 

membrane surface [25]. Upon increasing the lipid concentration, the membrane-bound 

CPR becomes progressively diluted among the lipid vesicles, thereby effectively 

preventing fluorescence self-quenching from occuring. Since this is no longer a simple 

two-state equilibrium system between monomeric free and membrane-bound peptide, a 

𝐾𝑝 value for CPR cannot be obtained from fitting Eq. (10) to the lifetime data. 

Interestingly, it seems that the introduction of the alkyl chain prevents CPRT10 and 

CPRT14 from experiencing this self-quenching effect, likely due to adverse 

orientational effects between the quencher groups and the Trp residues.  
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The binding of CPR and its lipid derivatives CPRT10 and CPRT14 to the anionic lipid 

vesicles was also studied through fluorescence anisotropy measurements to gain some 

insight into the motional restrictions that affect the tryptophan residue when the CP is 

inserted into the membrane surface.  

Representative time-resolved anisotropy decay curves obtained for each peptide in the 

presence of 500 M (outer leaflet) DMPG LUVs are shown in Fig. 2. The fitted 

parameters are presented in Table 2. The fluorescence depolarization kinetics of each 

CP reaches a residual, time-independent value different from zero, i.e., a limiting 

anisotropy r, which is indicative of a restricted motion of its Trp side chain on the time 

scale of the experiment, due to its membrane binding. The CPs also displayed a single 

rotational correlation time which reached 1~ 2.5 ns for the fully membrane-bound 

CPRT10 and CPRT14 peptides, and 1.4 ns for CPR. The anisotropy values obtained at 

time zero, r(0), for CPRT10 and CPRT14 were very close to the fundamental 

anisotropy of Trp [r0(280nm)~ 0.15] [40], indicating that no significant fast 

depolarization motions of the Trp residues took place below the time resolution of our 

equipment. 

Fig. 5 shows that the anisotropy of all CPs steadily increased upon addition of DMPG 

LUVs. As the peptides are adsorbed/interacting with the membrane there is a 

concomitant decrease in their rotational dynamics, i.e., the Trp residue locates in a more 

ordered environment, probably confined at the phospholipid-water interface by 

electrostatic interaction with the anionic phospholipids. It should be noted that the 

anisotropy of each cyclic peptide is a linear combination of its limiting values in the 

aqueous solution and lipid phases, <r>W and <r>L, respectively, weighted by the 

fluorescence quantum yield and molar fraction of the cyclic peptide in each phase [30]. 

Since Q ~ 𝜏L̅/𝜏W̅~ 1.8 -2.1 (Table 3), the membrane-bound molar fraction of each CP 
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dominates the < 𝑟 >𝑆𝑆 values. For CPRT14, this effect results in a very sharp increase 

of < 𝑟 >𝑆𝑆 with lipid concentration, precluding retrieval of a 𝐾p value from anisotropy 

data. On the other hand, a two-parameter fitting procedure of Eq. (12) to the data 

yielded a 𝐾p = (6.6 ± 2.3) × 104 and <r>L= 0.091± 0.005 for CPRT10 (Table 3) in good 

agreement with the partition constant obtained from the lifetime data. For CPR, and 

assuming, as above, that the relative increase in its quantum yield is identical to the 

value obtained for the two alkyl-modified peptides (Q=1.8), fitting of Eq. (12) to the 

steady state anisotropy data lead to 𝐾p= (2.5 ± 0.5) ×104 and <r>L = 0.075±0.004. The 

obtained 𝐾p is of the same order of magnitude of the one obtained for CPRT10, 

whereas the limiting <r>L value is somewhat smaller. Nevertheless, as seen above 

(Table 2) the limiting anisotropy r are similar for the three CPs in DMPG, namely 

0.05, 0.04 and 0.06, pointing to a similar restricted motion of the Trp side chain, due to 

CP’s membrane binding. The lower value retrieved for CPR must thus be associated 

with the fact that for this peptide the partition equilibrium is coupled to peptide 

oligomerization at the membrane, as reflected in the 𝜏̅ vs lipid concentration plots (Fig. 

4 and discussion above), and is also in line with our previous results, as this peptide was 

shown by MD to form peptide nanotubes at the lipid membrane surface at high peptide 

concentrations [25]. 
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Fig. 5–CP binding to lipid vesicles monitored by steady-state fluorescence anisotropy. 

The changes in the fluorescence anisotropy, < 𝑟 >𝑆𝑆, of CPR (black squares), CPRT10 

(blue circles) and CPRT14 (red triangles) were measured as a function of lipid 

concentration (outer leaflet, [L])ext) using DMPG (A) and DMPE:DMPG 1:1 (B) lipid 

vesicles at 38oC. The solid lines correspond to the best fit of Eq. (12) to the data and the 

fitted partition constants, 𝐾p and < 𝑟 >𝐿 are summarized in Table 3. The dashed lines 

used for CPRT14 and DMPG are just a ‘guide for the eye’. The error bars represent the 

mean deviation of ten repeated scans. 

 

5.3. CP partition to DMPE:DMPG (1:1) vesicles 

In order to evaluate the relative contribution of electrostatic and hydrophobic 

interactions to the energetics of CP binding to the lipid vesicles, the partition 

experiments were repeated for CPR, CPRT10 and CPRT14 but now employing 

DMPE:DMPG (1:1) vesicles. Altogether, the steady-state and time-resolved 

fluorescence measurements revealed that CPR partition to these membranes was much 

weaker than to DMPG LUVs. In short, there was only a very small change in the 

spectral center-of-mass of CPR (<>= -4 nm, Table 1) and increase in its mean 

fluorescence lifetime (Fig. 4B) upon addition of increasing concentrations of these 

mixed lipid vesicles. The anisotropy decay of CPR in the presence of concentrations up 
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to 500 M (outer leaflet) of the DMPE:DMPG (1:1) vesicles was also very similar to its 

decay in aqueous solution (Fig. 2 A). Assuming, as above, that the relative increase in 

its quantum yield is identical to the values obtained for the two hydrocarbon-modified 

peptides with this mixed membrane system, a correction factor Q=1.9 was calculated 

for CPR from the average of the �̅�𝐋/�̅�𝐖 values obtained in this case for the two peptides 

with a tail. The fitting of Eq. (12) to the steady state anisotropy data obtained for CPR 

(Fig. 5 B) lead to a very low  Kp= (1.2  0.4)×103, showing the adverse effect of DMPE 

on the partition of CPR to the mixed DMPE:DMPG (1:1) membrane, compatible with 

our previous finding that this peptide does not partition to DMPE membranes  [25]. In 

conclusion, CPR binding to the studied lipid membranes is strongly electrostatically 

driven, in agreement with the overall polar character of this cyclic peptide and its net 

charge of +3. 

The modification of CPR with a hydrocarbon chain of 10 or 14 carbons significantly 

changed this behavior, since the partition of CPRT10 and CPRT14 is now strongly 

dependent on the length of the hydrophobic tail, but essentially independent of the 

anionic content of the membranes. The overall blue-shift displayed by the emission 

spectra of both lipid-modified peptides and the increase in their mean fluorescence 

lifetimes (Table 1 and Fig. 4 B), as well as the variation in their fluorescence anisotropy 

with the lipid concentration (Fig. 5 B) were very similar for DMPG and DMPE:DMPG 

(1:1) vesicles. A quantitative analysis of both the lifetime and anisotropy data confirmed 

this behavior since very similar partition constants were obtained for each cyclic peptide 

towards the anionic and mixed lipid vesicles, being the partition coefficient always one 

order of magnitude higher for CPRT14 compared to CPRT10 (Table 3). 

Table 3. Partition constants, 𝐾𝑝, limiting mean fluorescence lifetimes, 𝜏L̅, and 

anisotropies, < 𝑟 >L, obtained for the interaction of CPR, CPRT10 and CPRT14 with 
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the lipid systems DMPG and DMPE:DMPG (1:1) at 38 oC. The parameters are retrieved 

from fitting Eq. (10) to the time-resolved fluorescence data (𝐾𝑝 and 𝜏L̅), and fitting of 

Eq. (12) to the steady state anisotropy data (𝐾𝑝 and < 𝑟 >L). The uncertainties represent 

the errors obtained from the non-linear fits. 

 

Peptide 
Lipid vesicles 

Time-resolved 

fluorescence data * 
 Steady-state 

anisotropy data ** 

𝑲𝒑 
�̅�𝐋 

(ns) 
 𝑲𝒑 < 𝒓 >𝑳 �̅�𝐋/�̅�𝐖 

        

CPR 
DMPG - -  (2.5 ± 0.5) ×104 0.075±0.004 1.8 

DMPE:DMPG (1:1) - -  (1.2 ± 0.4) ×103 0.10 ±0.02 1.9 

        

CPRT10 
DMPG (2.2 ± 0.5) ×104 2.3 ±0.1  (6.6 ± 2.3) ×104 0.091± 0.005 1.8 

DMPE:DMPG (1:1) (1.3 ± 0.3) ×104 2.7±0.1  (2.1 ± 0.5) ×104 0.108±0.008 2.1 

        

CPRT14 
DMPG (2.6 ± 0.6) ×105 2.08 ±0.04  - - 1.8 

DMPE:DMPG (1:1) (1.1 ± 0.2) ×105 2.20 ±0.04  (1.7  ± 0.6) ×105 0.109±0.005 1.8 

 

* Eq. (10) was fitted to the mean fluorescence lifetime data displayed in Fig.4. 

** Eq. (12) was fitted to the steady-state anisotropy data displayed in Fig. 5 while keeping a 

fixed �̅�L/�̅�W ratio. 

  



262    
 

FCUP 
Characterization of the Self-Assembling of antimicrobial D,L- α Cyclic 
Peptides at Bacterial Model Membranes 

 

 

6. Leakage 

Leakage studies are a very effective technique to detect the formation of membrane 

pores and/or membrane destruction, and thus a very important method to confirm the 

antimicrobial peptides’ action on the phospholipid membrane. CF encapsulated in the 

inner aqueous phase of unilamellar vesicles was used to follow the dye release by action 

of the cyclic peptides’ on lipid membranes of POPG and POPE:POPG (1:1). CF 

entrapped at high concentration in the aqueous compartment of liposomes is self-

quenched, and upon its release from the vesicle it becomes diluted into the surrounding 

media and therefore its fluorescence emission will increase over time and thus the 

release can be monitored.  

The complete leakage curves (including Triton X-100 addition) measured for the same 

concentration of lipid vesicles (~50 M) and three different peptide concentrations (i.e., 

at different  L:P ratios) are shown in Fig. 6 for POPG (left panel, A,B,C) and 

POPE:POPG (1:1) lipid vesicles (right panel, D,E,F).  

CPR induces very small leakage, except for POPG (Fig. 6A) membranes and a L:P 

(5:1) ratio. This result can be understood considering the behavior reported above and in 

our previous work [25].. The results for the mean fluorescence lifetime (Fig 4A) were 

rationalized as reflecting the occurrence of self-quenching [39] when a high surface 

concentration of peptide is reached at very low L:P ratios (5:1), driving the self-

association of CPR into nanotubes at the membrane surface, as we had previously also 

found [25]. At L:P (5:1) there is a very high peptide concentration at the membrane, and 

thus nanotubes are formed and this in turn can lead to the observed high leakage, 

through a slow process as it involves self-association and leakage. In the case of 

POPE:POPG (1:1) (Fig. 6D), no significant leakage was observed at any L:P ratio, 

reflecting the reduction in membrane partition for this peptide as a results of the high 
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POPE content of the lipid vesicles. Altogether these results also comply with the very 

low antimicrobial activity reported for this peptide [26].   

 

 

Fig. 6. Influence of lipid composition and peptide concentration on the CP-induced 

leakage of CF from liposomes. Complete curves of fluorescence intensity vs time for 

the CPs-induced leakage of CF from POPG (left panel) and POPE:POPG (1:1) (right 

panel) vesicles as function of time. In both cases the three used L:P ratios are plotted for 

each peptide and membrane system, with the peptide and lipid concentrations referred 

to in Material and Methods. The plots show the increase in the fluorescence signal at 

peptides’ addition (120 s), and a final total CF release at TritonX-100’s addition (1200 

s), normalized to the fluorescence intensity before peptides’ addition. 
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CPRT10 promotes a higher leakage in POPG lipid system as compared to POPE:POPG 

for L:P 10:1 and 5:1(Fig. 6 B,E), but in both cases a plateau is rapidly reached for all 

L:P ratios. As expected, in each case the leakage increases as the peptide concentration 

increases. Although we stated above that for CPRT10 and CPRT14 the partition was 

more dependent on the size of the hydrocarbon tail than on the lipid system, the Kp was 

nevertheless higher (about twice) for the fully negatively charged system, in line with 

the leakage results. 

Finally, CPRT14 has a similar behavior for the negatively charged system POPG, i.e., 

inducing a leakage that increases with increase in peptide concentration (Fig.6 C). 

Curiously, a different behavior is observed for POPE:POPG (1:1) (Fig. 6F) at the 

highest peptide concentration, 10 M (L:P 4:1), where the leakage significantly 

decreases (plateau occurs at about half of the normalized fluorescence intensity). This 

can be associated with the possible formation of micellar type aggregates for CPRT14 

at this concentration and temperature. If occurring, this might reduce the leakage, as we 

would have competition between self-association and partition, with two possible 

occurrences – dissociation of micellar type aggregates followed by partition to the 

membrane, or partition of the aggregates, that would be less effective. The fact that this 

is not seen for POPG (Fig 6.C) must result from the very strong membrane interaction 

with fully negatively charged membranes, that can overcome the self-assembling in 

solution, being energetically more favorable. This possibility would be in line with the 

previously determined cac (4.5 μM), for this peptide at room temperature (20 oC) [26], 

similar to what we used here in the leakage experiments (27 oC). As such, it does not 

contradict our findings here that at 10 M and 38 oC the peptide was not associated in 

buffer, as the higher temperature should counteract the self-association. Finally, these 

observations correlate well with the higher antimicrobial activity of CPRT10 and 
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CPRT14 as compared to CPR, particularly against Gram (+) pathogens, with 

previously reported low MIC values of e.g., 16 µg·mL-1 against Staphylococcus aureus, 

2 µg·mL-1 against Staphylococcus epidermidis [26].  

 

7. Conclusions 

The use of fluorescence spectroscopy allowed us to characterize the partition of these 

three peptides (parent peptide CPR and its derivatives with pending alkyl chains of 10 

and 14 CH2 groups, CPRT10 and CPRT14, respectively) to two different lipid model 

membrane systems. Steady-state fluorescence measurements showed that the peptides 

bind to the membrane (blue shift of the maximum intensity for the Trp), and the extent 

of their partition could be quantified by either steady-state anisotropies and/or TRFS.  

Our results clearly show that CPR has a lower partition to the membranes as compared 

to the hydrocarbon tail-modified peptides, particularly for the mixed membrane system 

DMPE:DMPG (1:1). The partition is mainly driven by electrostatics, with low 

membrane penetration, in full agreement with our previous results by other methods 

(DSC, FTIR and MD) [25] and with its very low antimicrobial activity [26].  

The introduction of a hydrocarbon tail adjacent to the Trp residue, in CPRT10 and 

CPRT14, significantly improved the partition to both membrane systems. Further to 

this, our results show that the length of the tail became the main distinguishing factor 

for the extension of the partition process – values of a similar order of magnitude were 

obtained for each peptide in both membrane systems, whereas in both cases Kp is about 

one order of magnitude higher for CPRT14.  

Complementary to the partition we could also characterize the leakage behavior in both 

membrane systems. These studies indicated that CPR induces a limited leakage, at odds 

with the peptides with tail. CPRT10 and CPRT14 induce fast leakage, which increases 
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in most cases with peptide concentration, being almost complete for the highest peptide 

concentration and PG membranes. Overall, these results not only quantify the partition 

process and allow distinction between the parent peptide (CPR) and its derivatives with 

a hydrocarbon tail, but also rationalize the proven much higher antimicrobial activity of 

CPRT10 and CPRT14.  
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Table S1. Time-resolved fluorescence parameters (amplitudes, i, and fluorescence 

times, i) for CPR, CPRT10 and CPRT14 in aqueous buffer and in the presence of 500 

M (outer leaflet) DMPG or DMPE:DMPG 1:1  large unilamellar vesicles at 38 oC. 

 

Peptide Medium 1 1 

(ns) 

2 2 

(ns) 

3 3 

(ns) 

2 

         

CPR buffer 0.23 0.32 0.61 1.2 0.16 2.8 1.126 

DMPG 0.29 0.51 0.46 1.5 0.25 3.6 1.135 

DMPE:DMPG 

(1:1) 

0.19 0.35 0.59 1.2 0.21 3.1 0.898 

         

CPRT10 buffer 0.29 0.35 0.59 1.3 0.12 3.1 1.101 

DMPG 0.25 0.48 0.39 1.6 0.37 3.7 1.027 

DMPE:DMPG 

(1:1) 

0.22 0.70 0.47 2.1 0.31 4.0 1.003 

         

CPRT14 buffer 0.26 0.30 0.58 1.2 0.16 2.9 1.081 

DMPG 0.22 0.34 0.42 1.5 0.36 3.9 1.308 

DMPE:DMPG 

(1:1) 

0.22 0.49 0.45 1.8 0.33 3.8 1.062 
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Abstract 

 

The present extremely high resistance to antibiotic turns the discovery of new antibiotic 

paradigms into a mandatory global health goal. Antimicrobial peptides (AMPs) 

represent a new approach to conventional therapeutics, as their main target is the 

pathogen membrane. Among these, antimicrobial D,L-α-cyclic peptides, with an even 

number of D- and L-amino acids have recently emerged. We used Small Angle X-ray 

diffraction (SAXS) to characterize structurally the interactions of a group of D,L-α-cyclic 

peptides with two different lipid model membranes [DMPE and DMPE:DMPG (1:3)], 

aiming at further understanding their mechanism of action. The effect of our five 

previously studied D,L--Cyclic peptides on DMPE(a highly prevalent lipid in bacterial 

membranes) model membranes was assessed, in gel and fluid phases. With the more 

promising peptides, with higher antimicrobial activity, we used also bacteria model 

membranes of DMPE:DMPG 3:1.  
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Our results show that all the peptides studied interact differently with both membrane 

systems, revealing that all factors are important in the differentiation – the peptide, the 

lipid membrane composition, the lipid phase and the lipid:peptide molar ratio.   

As regarding the interactions with the lipid membrane bacterial model DMPE:DMPG 

3:1, the results clearly show that the peptides with higher hydrophobic character (CP1, 

CPRT10 and CPRT14) induce much larger structural changes, in line with their proven 

antimicrobial activity.  

 

 

1. Introduction 

Antimicrobial peptides (AMPs) are molecules that are present in the innate immune 

system of almost all living organisms, and that have been proposed as promising 

molecules to replace conventional antibiotics [1-3]. Finding new antibiotic paradigms is 

of major importance nowadays, due to a global emergence of multidrug-resistant 

bacteria, that led to an antibiotics’ efficacy decay [4]. AMPs represent a new approach 

to conventional therapeutics, as their main target is the pathogen membrane and not a 

specific protein, lowering thus the rapid emergence of resistance [5-8]. Unfortunately, 

this could not yet be achieved due to several limitations, such as systemic toxicity and 

high dosing in order to maintain a sufficient concentration of drug. 

Different strategies have been used to increase the antimicrobial properties and activity 

of AMPs against diverse pathogens, together with the decrease in their cytotoxicity 

toward host cells [6]. One recent proposed strategy is the use of cyclic peptides, that 

has shown to enhance peptide’s activity [9-11]. Within this line, the use of antimicrobial 

D,L-α-cyclic peptides (D,L-α-CPs), with an even number of alternating D- and L-amino 

acids, has experimented a increasing interest  [10, 12-16]. D,L-α-CPs are known to 

self-assemble under appropriate conditions (like in presence of a membrane[13]), by 

intermolecular hydrogen bonds between the peptide bonds (proton (N-H) and carbonyl 

(C=O)). These peptides adopt flat-ring-shape conformations with the amide functions 

extended perpendicularly to the plane of the backbone cyclic structure. This 

assembling leads to tubular β-sheet structures, that are the supramolecular active 

structures, and have been named self-assembled cyclic peptide nanotubes (SCPNs). 

These D,L-α-CPs can be tunned to act as antimicrobial peptides by varying the number 

and/or the type of amino acids present, changing the solubility, diameter, and the outer 

properties of the nanotube [10, 12]. Further to these aspects, the presence of D-amino 

acids in the CPs’ structure it is also metabolically an important factor, since it helps to 

increase their resistance against protease degradation, which alongside with their 
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robust secondary structure, makes these CPs very promising antimicrobial candidates 

[12, 15].  

Different mechanisms of action have been proposed for different AMPs [5, 17, 18]. As 

regarding D,L-α-CPs, although their mechanism is not clearly established [10, 19, 20], 

the available information suggests that they tend to follow mechanisms that reply on 

same basis as conventional AMPs. Thus, the action is triggered by electrostatic 

interaction, where the cationic residues present in the peptides interact with the anionic 

bacterial membrane (pathogens have a predominance of lipids with negatively charged 

headgroups in the outer leaflet). Latter, the hydrophobic groups promote the CP’s 

insertion into the membrane core [13]. As a result, accumulation of the peptide at the 

membrane surface occurs, and after a threshold value a structure rearrangement 

occurs, leading to segregation / permeabilization, pore formation or aggregation, 

membrane stacking or membrane micellization [21-25]. In the case of the D,L--CPs, it 

has been proposed that nanotubes are the active component whose formation is 

triggered by hydrogen bond formation strengthened by the lipidic media. 

X-ray diffraction (SAXS) is a powerful experimental technique in lipid membrane 

studies, as structural parameters of the various lamellar, hexagonal or cubic phases 

can be derived from SAXS measurements in appropriate conditions, as well as their 

changes upon interaction with other molecules [42]. This can elucidate the structural 

changes in membranes upon contact with antimicrobial peptides, contributing thus to 

the unravelling of molecular mechanisms responsible for the bacterial killing activity 

[26, 27].This technique is very useful in biological studies, since it can be performed 

under near-physiological conditions, varying parameters like pH, ionic strength, 

concentration of additives, temperature, and providing detailed information on structure 

and function of peptides and proteins [24, 28-30], as well as on the structure of 

hydrated membranes alone and when interacting with peptides and proteins [24, 31-

34]. Alongside with SAXS, wide angle x-ray scattering (WAXS) can also be used to 

examine and characterize the hydrocarbon chain packing in lipid assemblies, thus 

providing a detailed information of their supramolecular and local structure [35]. 

In present work, we studied a group of D,L-α-CPs (CP1, CP2, CPR, CPRT10 and 

CPRT14, Table 1 and Fig. 1), previously reported by our group as potential 

antimicrobial peptides [19, 20, 36, 37], with the aim to characterize their influence on 

the structure of selected lipid model membranes, helping thus the unravelling of their 

mechanism of action. 

CP1 is an original Ghadiri’s peptide [10] of known antimicrobial activity, used as 

template to create CP2, designed to improve the solubility in aqueous solution [19]. 

CP1 has an ideal amphipathic structure, characteristic of the best AMPs, containing on 
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one side basic residues to promote affinity for the negatively charged bacterial 

membranes (hydrophilic part), and another part composed of hydrophobic residues (of 

which three tryptophans), to promote insertion into the membrane core (hydrophobic 

part). CP2 has a reduced hydrophobic content (only one tryptophan), that combined 

with three charged lysines and polar non-charged residues led to an increased 

solubility. The peptides CPR, CPRT10 and CPRT14 are second generation, derived 

from CP2, mutating a lysine in CP2 by an arginine in CPR. Finally, CPRT10 and 

CPRT14 were obtained from CPR by attaching a 10 and a 14 hydrocarbon tail, 

respectively, to the propargylglycine group (Pg) structure in CPR. All the peptides were 

studied in presence of multilamellar vesicles (MLVs) of the zwitterionic lipid DMPE (1,2-

dimyristoyl-sn-glycero-3-phosphoethanolamine), highly prevalent in bacterial 

membranes. Thereafter we chose the second-generation peptides (CPR, CPRT10 and 

CPRT14) for further study, because of their improved antimicrobial activity, especially 

against Gram-positive bacteria [12]. We did then use oligolamellar vesicles (OLVs) of 

mixtures of DMPE with DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)), 

at a 3:1 molar ratio.  

Our results show that the five peptides interact differently with both membrane 

systems, showing that all factors are important in the differentiation – the peptide, the 

lipid membrane composition, the lipid phase and the lipid:peptide (L:P) molar ratio.   
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Fig. 1. Cyclic Peptides Structures used in this study. CP1 is the original peptide from Ghadiri’s 

group [10], CP2 derived from this first peptide (changes described in then text) and was then 

used as template for the second generation peptides, CPR, CPRT10 and CPRT14. 

 

 

2. Materials and Methods 

 

2.1. Peptides 

The peptide’s synthesis, purification and characterization were previously described 

[12, 19]. The amino acid composition of the used peptides can be found in Table 1. 

 
Table 1 - D,L-α-Cyclic Peptides used. Pg denotes propargylglycine group, X that denotes (S)-2-

amino-3-(1λ2,2,3-triazol-4-yl)propanoic acid to which a hydrocarbon tail is attached in the case 

of CPRT10 and CPRT14. The underline residues are D amino acids. 

 

 

 

 

 

 

 

 

2.2. Preparation and Characterization of Liposomes 

DMPE powder rigorously weighted was directly hydrated with buffer (HEPES (10 mM 

HEPES, 150 mM NaCl, 0.02% NaN3, 1 mM EDTA, pH 7.45), all purchased from 

Sigma-Aldrich, Germany), pH 7.45), since it is a single lipid that can easily form 

multilamellar structures using this procedure.  

Mixtures of DMPE and DMPG (Avanti Polar Lipids, Alabama, USA) at a 3:1 molar ratio 

were weighted and dissolved in an azeotropic mixture of chloroform/methanol 

(87.4:12.6 %(v/v)). A lipid film was obtained by evaporating the chloroform/methanol 

under vacuum at a rotary evaporator at 70 °C and then kept overnight under high 

vacuum (< 10 mbar) to remove any trace of the organic solvents. The lipid film was 

then hydrated with the same buffer, at temperature ~60 oC (mixture in fluid phase). 

DMPE and DMPE:DMPG (3:1) suspensions , went through several cycles of 

vortex/incubation, at a temperature above own Tm, and then frozen in liquid nitrogen 

and thawed above respective Tm, repeating the sequence 5 times. The final 

phospholipid concentration was determined in the end using a modified version of the 

NAME OF PEPTIDE STRUCTURE 

CP1 c-[RRKWLWLW] 

CP2 c-[KSKSWPgKQ] 

CPR c-[RSKSWPgKQ] 

CPRT10 c-[RSKSWXC10KQ] 

CPRT14 c-[RSKSWXC14KQ] 
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Bartlett phosphate assay [38]. In the case of CP1, 0.7% of DMSO was added to the 

buffer due to its low solubility in pure aqueous media, and the same buffer was used to 

prepare the lipid system, using the same preparation procedure.  

The average particle sizes were measured by dynamic light scattering (DLS) after 

preparation on a Malvern Zetasizer Nano ZS from Malvern Instruments (Malvern, UK). 

The measurements were performed above the transition temperature of each system 

(Tm) at a total lipid concentration of 0.1 mM, using a He-Ne laser (wavelength 633 nm) 

as a source of incident light, and operating at a scattering angle of 173°. 

Mixtures of CPs and lipids were prepared three days before the measurements. The 

CPs solution (in the same buffer as the prepared liposomes) was in each case added 

to the lipid suspension, at the desired lipid-to-peptide (L:P) ratio, and the samples were 

then incubated for 30 min above the lipid or lipid mixture’s Tm. After this the samples 

were transfered into glass capillaries (Spezialglas Markröhrchen 1.5 mm capillaries; 

Glass Technik 37 & Konstruktion – Müller & Müller OHG, Germany), and centrifuged 

for 2 min at 2000 g. This step was carefully repeated until we had a good amount of 

sample mixture at the bottom and a significant amount of supernatant in the capillaries, 

to guarantee that all samples were studied at high water contents. Lastly, the 

capillaries were sealed with a melted commercial wax. 

 

 

 

2.3. SAXS and WAXS Measurements 

SAXS and WAXS experiments were performed at the BL11 - NCD-SWEET beamline of 

the ALBA synchrotron (Cerdanyola del Vallès, Spain) using linearly polarized radiation 

with a wavelength 1 Å. CCD Quantum 210r camera was supplied by ADSC for SAXS 

detection. The WAXS detector was the LX255HS, which was equipped with three 

cooled CCD modules from Rayonix having a dynamic range of 16 bits. The raw data 

were normalized against the incident beam intensity. The q range was calibrated using 

silver behenate (AgBh) for SAXS and comium oxide (Cr2O3) for WAXS. Scattering 

patterns were evaluated according to the intensity of the incident beam following an 

exponential model. SAXS diffraction maxima were derived by fitting each peak with a 

Lorentzian curve and a linear background. The capillary samples were placed vertically 

and thermalized before being exposed to the radiation. Linkam® TMS600 heating 

stage was used for the measurements. SAXS/WAXS patterns were taken with different 

temperature programs, depending on lipid system:  
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i) DMPE, scan from 30 °C to 70 °C at a heating rate of 1 °C/min, with a recorded frame 

of every minute, with 0.4 s exposure. Temperature scans were performed at a scan 

rate 1 °C/min;  

ii) DMPE:CPs, 4 frames each, with 2 s exposure, at 30º, 40º, 45º and 55ºC;  

iii) DMPE:DMPG (3:1) and DMPE:DMPG (3:1):CPs, 6 frames each with 2 s exposure, 

at 20ºC, 30º, 37ºC, 40º, 45º and 55ºC.  

All samples underwent through an equilibration period of ~30 min before each 

measurement in a water bath at a temperature above the respective Tm, and a three-

minute equilibration time before exposure to the radiation.  

 

2.4. Results and discussion 

 

DMPE membranes 

Typical SAXS patterns for pure DMPE at selected temperatures in the gel and fluid 

phase (Tm = 50.3 oC, as determined by us in same buffer composition [18]), are plotted 

in Fig. 1. All patterns show  a system with long-range order, characteristic of well-

organized DMPE multilamellar vesicles. The repeat distance, d, derived from the 

position of peak’s maxima, is a sum of the lipid bilayer thickness (dL) and the thickness 

of the water layer (dw) between bilayers. From analysis of peak positions in SAXS we 

retrieved d1= 5.62±0.01 nm at 30 oC and d1= 4.89±0.01 nm at 55 oC (Table 2), in very 

good agreement of the values reported for DMPE by Ortiz et al. [39] (d1= 5.6 nm at 25 

oC and d1= 4.8 nm at 55 oC). The repeat distance values obtained for DMPE in the 

buffer containing 0.7% of DMSO, which was used with the peptide CP1, were very 

similar to the ones obtained in its absence, namely d1= 5.62±0.01 nm at 30 oC and d1= 

4.8±0.3 nm at 55 oC. 
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Fig. 2. SAXS patterns of DMPE multilamellar vesicles at selected temperatures in gel 

and fluid phases. The transition temperature at ~50 oC is also clear here from the 

respective pattern. 

 

To obtain information about the packing of the DMPE acyl chains in both phases, we 

also made measurements in the wide-angle region (WAXS). In Fig. 3 are plotted the 

WAX patterns obtained at the same chosen temperatures. The patterns as a function 

of temperature show order-disorder characteristic of the lipid’s acyl chains in a gel and 

liquid-crystalline state, respectively. Below the phase transition (30 °C, Fig. 2), pure 

DMPE shows a single, sharp symmetric peak at q ~ 15.02 nm-1, characteristic for lipid’s 

acyl chains packed in a hexagonal lattice, with the direction of the chains normal to the 

membrane surface, characteristic of an untitled gel phase (L) [40]. This value is in 

perfect agreement with the one we found in a previous study for another PE system 

[24], where we got for POPE a WAX peak maximum at q~15.76 nm-1. These values 

correspond to an average separation of the hydrocarbon chains of ~ 0.4 nm [23]. 

Above the phase transition (55 °C, Fig. 2) we can see a very broad component 

centered at q ~ 14 nm-1, characteristic for lipid’s acyl chains in a fluid, liquid crystalline 

state.  
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Fig. 3. WAXS patterns of DMPE multilamellar vesicles at the same selected 

temperatures as shown for SAXS in Fig. 2. 

 

After the SAXS and WAXS characterization of the DMPE liposomes alone, the effect of 

the cyclic antimicrobial peptide’s candidates (5 peptides, described in Table 1 and Fig. 

1) was tested on this lipid system, at different L:P ratios. Examples of the obtained 

SAXS patterns for mixture of each peptide with DMPE at the highest studied L:P ratio 

in each case can be seen in Fig. 4 (30 oC, gel phase) and Fig. 5 (55 oC, fluid phase). 
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Fig. 4– SAXS patterns of DMPE and its mixtures with the five studied CPs at the 

highest L:P ratio for each one, at 30ºC (gel phase). The arrows show the reflections of 

the additional lamellar phase (magenta for CP1 and blue for CPRT14). 

 

As can be seen in Fig. 3, in the gel state CPRT14 has a significant effect on the 

structure of DMPE vesicles, presenting an onset of an additional lamellar phase. We 

determined its repeat distance, d2 = 6.3±0.2 nm at both L:P ratios (Table 2). We 

detected also a slight increase in d1, giving values 5.66 nm for L:P 24:1 and 5.70 nm 

for 15:1.. In the case of CP1, a small shift to the right in all reflections is observed, that 

can be due to the presence of DMSO, as well as the appearance of a new lamellar 

phase, although with less intense reflections as compared to CPRT14, but resulting in 

a much larger increase in repeat distance, to 9.3 nm (Table 2). This increase is easy to 

rationalize, as DMPE is a zwitterionic lipid, with a surface charge close to zero at the 

studied pH, and thus the partition of positively charged peptides to the lipid membrane 

should increase the surface charge that will became positive, and consequently 

separate the bilayers, with increase in the repeat distance, as observed for these two 

peptides. The coexistence of two lamellar phases suggests that the distribution of the 

two peptides is not homogeneous in the membrane, with parts rich in the peptides, with 

significantly higher repeat distances, whereas other parts of the membrane have a low 

peptide content and thus keeping repeat distances close to the ones observed for 

DMPE. As regarding the other peptides, CP2, CPR and CPRT10, they do not affect the 

lamellar phase of DMPE in gel phase (Fig. 4 and Table 2).  

 

Table 2. Repeat distances retrieved for pure DMPE and its mixtures with the five studied 

peptides, at different molar ratios (L:P) and at temperatures 30 oC (gel phase) and 55 oC (fluid 

phase). 

 

 
  30 ºC 55 ºC 

CP L:P d1/ nm d2/ nm d1/ nm 

D
M

P
E

 

- 1:0 5.62±0.01 - 4.89±0.01 

CP1 
25:1 5.51±0.01 9.3±0.2 4.76±0.01 

19:1 5.47±0.01 9.3±0.4 4.72±0.01 

CP2 19:1 5.63±0.01 - 4.89±0.01 

CPR 25:1 5.62±0.01 - 4.89±0.01 

CPRT10 
18:1 5.62±0.01 - 4.92±0.01 

11:1 5.62±0.01 - 4.92±0.01 

CPRT14 
24:1 5.66±0.01 6.3±0.2 4.96±0.01 

15:1 5.70±0.05 6.3±0.2 5.0±0.1 
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Considering now the fluid phase, we can see in Fig. 5 and Table 2 that we observe in 

all cases only one lamellar phase, for all peptides and L:P ratios. Taking a close look at 

the values presented in Table 2, we can see that, as expected, there are no differences 

in the repeat distances in the presence of CP2 and CPR. The peptides CP1, CPRT14 

and CPRT10 affected the lamellar packing of DMPE, however the changes in the 

repeat distances do not exceed ± 0.2 nm.  

 

 

 

Fig. 5– SAXS patterns of DMPE its mixtures with the five studied CPs for the highest L:P ratio 

for each one, at 55ºC (fluid phase). 

 

The direction and amount of change in repeat distance observed for each peptide is 

now analyzed in detail. Starting with CP1 and comparing the distance with the one 

observed in the fluid phase in the presence of DMSO, d1= 4.8±0.3 nm at 55 oC, we 

observe for both L:P ratios values that are the same, within uncertainty. Although we 

would expect as said an increase in d, this constancy can arise if the peptide induces a 

packing effect, as it has 3 Trp, and thus it is expected to have a deeper insertion in the 

membrane core, that counteract the increase in distance due to charging up the 

membrane surface due to peptide partition. For CPRT10 and CPRT14, the observed 

behavior is the expected one – a small increase in repeat distance, in the case of 
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CPRT10 similar for both L:P ratios, and in the case of CPRT14 even slightly higher for 

the highest L:P ratio. 

Finally, briefly considering the WAXS patterns for these DMPE/CP mixtures, we can 

see in Fig. 6 that overall, the pattern is typical for a gel L phase with acyl chains 

oriented perpendicularly to the plane of the bilayer and packed in a hexagonal lattice, 

as observed for DMPE alone. Nevertheless, we can also see that CP1 and CPRT14 

change slightly the position of the maxima of the WAX diffraction peak, in both cases 

towards lower q values, thus suggesting that only these two peptides change to some 

extent the packing of the phosphatidylethanolamine in gel phase. 

 

Fig. 6. WAXS patterns of DMPE and DMPE mixed with the different CPs for the highest L:P 

ratio in each case, at 30 ºC (gel L phase). 

 

Overall, all these results are in full agreement with our previous studies, where we 

showed that only CP1 [19] and CPRT14 [37] interact significantly with DMPE 

multilamellar membranes. 

 

 

DMPE:DMPG (3:1) membrane system 

As described in the introduction, we chose the second generation peptides (CPR, 

CPRT10 and CPRT14) for further study, because of their improved antimicrobial 

activity, especially against Gram-positive bacteria [12]. With this aim, we used the 

mixture of DMPE with DMPG at a 3:1 molar ratio as a model membrane. The mixture 

forms oligolamellar vesicles (OLVs), with size’s distribution between 76 and 1000 nm, 

and a polydispersity index (PDI) of 0.9.  
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Starting with the pure lipid system, SAXS patterns at different chosen temperatures can 

be found in Fig. 7  

 

 

Fig. 7. SAXS patterns of DMPE:DMPG (3:1) (OLVs) at selected temperatures in gel and fluid 

phases. The transition temperature at 45 oC is clearly seen in the respective pattern. 

 

Above the phase transition (Tm= 45 oC), in liquid crystalline phase L, we observe a 

broad peak with two non-well resolved maxima (Fig. 7). This pattern reflects a system 

with poor long-range order, as expected for OLV vesicles with a negatively charged 

surface due to the presence of DMPG. The repeat distance was calculated as d = 10.4 

± 0.3 nm at 55 oC. When compared to the value above for DMPE at the same 

temperature, 4.89 ± 0.01 nm, we see that the DMPE:DMPG (3:1) lamellar system 

swells, due to negative surface charge imposed by DMPG. In fact, increasing the water 

content between the lamellae with consequent higher fluctuations gives rise to further 

disorder in relative positions of the unit cells, which translates into a broadening of the 

diffraction peaks.  

At temperatures below Tm, the system is in gel L phase, and indeed the peaks are less 

broad and better resolved. The peaks at q ~ 0.643 nm-1, 1.074 nm-1 and 1.590 nm-1  

were identified as a superposition of two lamellar phases, with repeat distances 10.6 ± 

0.3 and 11.8 ± 0.4 nm. Comparing with the value obtained for pure DMPE at the same 

temperature, 5.62 ± 0.01 nm, indeed we see a much larger distance (almost twice), 

due to the negative surface charge imposed by the presence of DMPG. The existence 

of two lamellar phases in a gel state of the mixture can be rationalized as the system 

DMPE:DMPG at pH 7, 100 mM NaCl, was shown to present deviations from ideal 



288    
 

FCUP 
Characterization of the Self-Assembling of antimicrobial D,L- α Cyclic 
Peptides at Bacterial Model Membranes 

 

 

mixing, particularly at DMPG contents < 50% [41]. The authors further state that 

DMPEDMPG lipid pair formation is favored in both phases but is more pronounced in 

the gel phase. Therefore, as we only have 25% DMPG, we can assume that the 

system is not fully homogeneous in gel phase, having parts that have a higher 

prevalence of DMPE-DMPG pairs, leading to a higher repeat distance due to charge 

(11.8 ± 0.4 nm) whereas in other parts DMPE is more predominant, and thus the 

distance is somewhat smaller (10.6 ± 0.3 nm). 

Considering now the differences observed upon CP’s addition, the obtained SAXS 

patterns of pure DMPE:DMPG (3:1) and its mixtures with the three peptides CPR, 

CPRT10 and CPRT14 at the highest L:P ratio, can be seen in Fig. 8 A for the gel 

phase (30 ºC) and in Fig. 8 B in the fluid phase (55 ºC). All repeat distances retrieved 

at both temperatures and studied L:P ratios can be found in Table 3. 

 

 

Fig 8. SAXS patterns of pure DMPE:DMPG (3:1) and its mixtures with CPR, CPRT10 and 

CPRT14 at the highest studied L:P ratio: A - at 30ºC (gel phase) and B - at 55ºC (fluid phase). 

The diffractogram for DMPE at the same temperatures is also represented (dashed lines). 

 

Starting with the results in the gel phase, the first aspect that is apparent from Table 3 

is that for all peptides we continue to see the coexistence of two lamellar phases in the 

gel state. We can further see that one of them has a repeat distance equal (or very 

close) to the smallest value found for the pure lipid system (10.6 ± 0.3 nm) whereas the 

other have repeat distances significantly smaller than the one found in the pure lipid 

system (11.8 ± 0.4 nm). Considering what we described above as our interpretation of 

the two coexisting phases in DMPE:DMPG (3:1) in gel phase, namely that the part with 

higher repeat distance would have a higher prevalence of DMPE-DMPG pairs, and the 

other would be richer in DMPE, the results observed in the presence of the peptides 

make perfect sense – since the peptides are positively charged, they will interact 
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preferentially with the negatively charged DMPG, so they will affect mainly the parts of 

the membranes richer in DMPE-DMPG pairs, and due to charge compensation, the 

repeat distances will drop significantly – from 11.8 ± 0.4 nm in DMPE:DMPG (3:1) to 

7.4 ± 0.1 nm for CPR, 5.27 ± 0.04 nm for CPRT10 and 6.5 ± 0.1 nm for CPRT14. 

Indeed, the decrease in repeat distance follows the sequence CPR > CPRT10  

CPRT14, as could be expected from our previous results on their mixed membrane 

interactions [36, 37]. 

It should be noted that in the case of CPRT10 and CPRT14 the peaks are better 

defined as compared to the pure lipid system, showing that the peptides induce some 

ordering in the lipid system. Further, it is clear from the plot in Fig. 8 A that the largest 

difference is found for CPRT14, where the diffractogram deviates more significantly 

from the one for the pure lipid system. For this peptide the part with lower repeat 

distance is also affected, becoming larger (11.21± 0.08 nm) than in the pure lipid 

system. Again, this is in line with what we reported above, and found previously by 

DSC [37], i.e., that this peptide interacts with DMPE, thus charging up positively this 

part of the membrane system, and as a result increasing this repeat distance.  

 

Table 3. Repeat distances retrieved for pure DMPE:DMPG (3:1) and its mixtures with the three 

second generation peptides (CPR, CPRT10 and CPRT14), at different molar ratios (L:P) and at 

temperatures 30 oC (gel phase) and 55 oC (fluid phase). 

 

 

As regarding the fluid phase, a curious and more complex situation appears – from one 

lamellar phase in the pure lipid system, now we retrieve two lamellar phases in the 

presence of CPR, three when CPRT10 is added, and only one in the case of CPRT14 

(Table 3). From the patterns in Fig 8 B, it is clear that the peptides induce an increase 

in order in the lipid system in the fluid phase, where the rather diffuse and broad peaks 

observed for DMPE:DMPG (3:1) are now sharper. It is well known that there is always 

a better interaction between added peptides and the lipid membrane system in the fluid 

 
  30 ºC 55 ºC 

CP L:P  d1/ nm d2/ nm d1/ nm d2/ nm d3/ nm 

D
M

P
E

:D
M

P
G

 3
:1

 

- - 10.6±0.3 11.8±0.4 10.4±0.3 - - 

CPR 
25:1 10.7±0.4 7.4±0.1 8.75±0.04 6.40±0.03 - 

16:1 10.5±0.3 7.27±0.03 9.0±0.2 6.16±0.01 - 

CPRT10 18:1 10.6±0.1 5.27±0.04 9.89±0.04 5.23±0.03 4.76±0.05 

CPRT14 
24:1 11.21±0.08 6.5±0.1 5.30±0.02 - - 

15:1 11.18±0.01 6.33±0.03 5.29±0.02 - - 
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phase, and thus this ordering becomes apparent. For CPR, we have thus two phases, 

both with smaller repeat distances as compared to the pure lipid, reflecting the charge 

compensation that results from the presence of the peptide. The fact that we have two 

phases must reflect that the sample is not fully homogeneous, with parts of the 

membrane richer in peptide (smaller d). In the case of CPRT10, the situation is even 

more complex, as three phases appear. The first two are rather similar to the ones 

observed to CPR, and thus the same interpretation applies. As for the third one, it is 

worth noting that the retrieved distance, 4.76±0.05 nm, is very close to the one found for 

DMPE 4.89 ± 0.01 nm. This peptide has a high partition to negatively charged 

membranes [36], and thus our view is that it can very successfully segregate all DMPG, 

and thus originating a part of the membrane that is totally depleted in DMPG, showing 

therefore the repeat distance of DMPE. Finally in the case of CPRT14, curiously we 

only have one phase at 55 oC, as for the pure lipid system, but with a repeat distance 

that is almost half. If we look at the respective diffractogram in Fig. 8 B, as well as to 

the one for DMPE also represented there, we can observe that the reflections are 

almost as sharp as the ones pertaining DMPE and appear at close q values, although 

shifted to the right. The retrieved distances, 5.30 ± 0.02 nm for L:P 24:1 or 5.29 ± 0.02 

nm for L:P 15:1, are the same within uncertainty, and only somewhat larger than the 

one for pure DMPE at this temperature. We believe that this reflects the very 

destructive effect of this peptide in the membrane, where most likely it binds to DMPG 

rich patches, leading to aggregation, possibly in lipid/peptide aggregates with no long-

range order, leaving the remaining membrane almost only formed by DMPE. The 

possible membrane micellization can not be shown here, as we did not extend our 

SAXS measurements to the low q range where the cubic phases would appear.  

 

3. Conclusions 

Using Small-Angle X- Ray Scattering (SAXS) and Wide-Angle X- Ray Scattering 

(WAXS), the interaction between different D,L-α-cyclic peptides (CP1, CP2, CPR, 

CPRT10 and CPRT14) and two membrane models [DMPE and DMPE:DMPG (3:1)] 

was characterized.  

When the peptides are added to the DMPE multilamellar system, only the two more 

hydrophobic peptides, CP1 and CPRT14, changed the repeat distances, and induced 

the appearance of a second lamellar phase, at temperature below Tm, in agreement 

with our previous findings that these are the only peptides that interact with DMPE. 

This increase in repeat distance reflects the positive membrane surface charge 

resulting from peptide partition, having as consequence the bilayer’s separation. The 
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repeat distances in fluid lamellar phase L were the same as for pure DMPE, for all 

peptides. 

As regarding the mixed system DMPE:DMPG (3:1), we have the typical behavior of 

system with poor long-range order is observed in the absence of peptides, as expected 

for OLV vesicles with a negatively charged surface due to the presence of DMPG. 

When compared to DMPE, we observed that the system swells, due to negative 

surface charge imposed by DMPG.  

At odds with the fluid phase, we identified the presence of two lamellar phases below 

Tm, with repeat distances that are about twice the one retrieved for pure DMPE at the 

same temperature. The presence of two lamellar phase in this system can be 

rationalized as due to the reported preference for DMPE-DMPG lipid pair formation, 

that is more prevalent in the gel phase.   

When the peptides are added to this lipid system, two lamellar phases are still 

observed for the three peptides in gel phase - one with a repeat distance equal (or very 

close) to the smallest value found for the pure lipid system and the other with a smaller 

repeat distance.  Since the peptides are positively charged, they will interact 

preferentially with the negatively charged DMPG, affect thus mainly the parts of the 

membranes richer in DMPE-DMPG pairs. Due to charge compensation, the repeat 

distances dropped significantly. 

As regarding the fluid phase, the situation is more complex, and the three studied 

systems are now significantly different. We identified one lamellar phase in the pure 

DMPE:DMPG (3:1) lipid system, two lamellar phases in the presence of CPR, three 

with CPRT10 and only one in the case of CPRT14. These differences could be 

rationalized as reflecting the different affinity of the peptides to the negatively charged 

membranes. 

Finally, as regarding the peptide’s possible antimicrobial mechanism of action, our 

structural results suggest that the active peptides CPRT10 and CPRT14 act by 

membrane segregation, due to their DMPG preference, that eventually impairs 

membrane function (CPRT10) or leads to membrane destruction, with possible 

membrane micellization (CPRT14). 
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S2. Protocol to be followed in the experiments 

The following protocol was sent to all participant Labs 

COST ARBRE-MOBIEU 

ITC benchmarking 

Test reactions –  Binding of Ca2+ or Mg2+ to EDTA 

 Buffer for Ca2+ experiments – 10 mM MES, pH 5.60 

 Buffer for Mg2+ experiments– 10 mM HEPES, 100 mM NaCl, pH 

7.40 

 

1. Titration of Ca2+ into EDTA  

Sample concentrations:  Syringe: Ca2+ 1600 M 

Cell: EDTA 100.0 M 

 

2. Titration of Mg2+ into EDTA  

Sample concentrations:  Syringe: Mg2+ 1890 M 

Cell: EDTA 100.0 M 

 

 

Instrument settings: 

Number of injections: 28 in VP-ITC 

19 for PEAQ-ITC, iTC200, Auto-iTC200  

Vol. 1st injection:  2 μL in VP-ITC 

0.4 μL in PEAQ-ITC, iTC200, Auto-iTC200 

Vol. following injections:  10 μL in VP-ITC 

  2 μL in PEAQ-ITC, iTC200, Auto-iTC200 

Temperature:   25 oC 

Reference power:   10 μcal/s 

Feedback:     high 

Stirring speed:  351 rpm in VP-ITC 

  750 rpm in PEAQ-ITC, iTC200, Auto-iTC200 

Spacing: 350 s in VP-ITC 

150 s in PEAQ-ITC, iTC200, Auto-iTC200 

Initial delay: 150 s in VPITC 

60 s in PEAQ-ITC, iTC200, Auto-iTC200 

Filter period:   2 s 

 

Sample cell pre-rinsed (twice) and soaked (once for 5 min) with EDTA  
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Notes: 

1. Each experiment (Ca2+ with EDTA and Mg2+ with EDTA) should be performed at 

least 3 times, and if possible 5 times. The amounts of samples sent is enough 

for 5 experiments in the conditions above. Thus, I trust it will be possible for 

each participant to obtain at least 3 good titrations for each reaction. 

2. I found that even with good washing procedures it is sometimes hard to get rid 

of the Ca2+ in the syringe, which will translate into obtaining exothermic heat of 

dilution for Mg2+ if you do the Ca2+ experiments first, as Ca is a stronger ligand 

and has an exothermic dilution heat. So, I would suggest doing first the (Mg2+ + 

EDTA), and after the (Ca2+ + EDTA) titrations. 

3. Each participant should after the experiments 

a. analyze their data as they usually do 

b. send the raw data as well as the analyzed data and results to Margarida 

Bastos, Eric Ennifar, Adrian Velázquez-Campoy and Sandro Keller: 

Margarida Bastos     mbastos@fc.up.pt 

Eric Ennifar      e.ennifar@unistra.fr 

Adrian Velazquez-Campoy adrianvc@unizar.es 

Sandro Keller   sandro.keller@biologie.uni-kl.de 

 

  

mailto:mbastos@fc.up.pt
mailto:e.ennifar@unistra.fr
mailto:adrianvc@unizar.es
mailto:sandro.keller@biologie.uni-kl.de
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Table S1. ITC instruments and software used by each participating Lab in the 

benchmark study. 

 

Location Code Instrument Software for data analysis 

L1 

L1-1 VP-ITC1 

Origin with user-defined functions L1-2 VP-ITC2 

L1-3 Auto-iTC200 

L2 
L2-1 VP-ITC 

PEAQ-ITC 
L2-2 PEAQ-ITC 

L3 

L3-1 iTC200 

PEAQ-ITC L3-2 PEAQ-ITC1 

L3-3 PEAQ-ITC2 

L4 
L4-1 VP-ITC 

Standard Origin (Mg)/NITPIC (Ca) 
L4-2 iTC200 

L5 
L5-1 VP-ITC 

NITPIC-SEDPHAT 
L5-2 iTC200 

L6 
L6-1 VP-ITC 

NITPIC-SEDPHAT 
L6-2 iTC200 

L7 
L7-1 VP-ITC 

NITPIC-SEDPHAT 
L7-2 iTC200 

L8 L8-1 VP-ITC NITPIC-SEDPHAT 

L9 L9-1 VP-ITC Standard Origin  
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Figure S1. Average values for binding affinity (logK) and binding enthalpy (ΔH) for the 

EDTA-Ca2+ interaction measured in each laboratory, and analyzed by each laboratory 

in their usual way: (a) analyzed by L1; (b) analyzed by L2; (c) analyzed by L3; (d) 

analyzed by L4 and (e) analyzed by L5. Error bars indicate the standard deviations. 

The LX color code indicates the laboratory in which the experiments were performed 

according to Table S1. 

 



FCUP 
Results and Discussion 

325 

 

 
 

 

Figure S2. Average values for binding affinity (logK) and binding enthalpy (ΔH) for the 

EDTA-Mg2+ interaction measured in each laboratory, and analyzed by each laboratory 

in their usual way: (a) analyzed by L1; (b) analyzed by L2; (c) analyzed by L3; (d) 

analyzed by L4 and (e) analyzed by L5. Error bars indicate the standard deviations. 

The LX color code indicates the laboratory in which the experiments were performed 

according to Table S1. 
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Figure S3. Typical control experiments corresponding to the injection of titrant into 

buffer in order to observe potential unspecific titrant-related phenomena or mismatches 

between solutions. Experiments were done in a (A) PEAQ-ITC and a (B) VP-ITC, by 

injecting (left) calcium solution and (right) magnesium solution at the same 

concentration as that employed in the EDTA-cation titration. Plots have been drawn 

using the same scales as those in the EDTA-cation experiments. 
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Figure S4. Full set of calorimetric titrations (5 experiments) performed in an Auto-

iTC200 corresponding to EDTA-Ca2+ (upper plots with negative deflections due to the 

exothermic nature of the interaction) and EDTA-Mg2+ interaction (lower plots with 

positive deflections due to the endothermic nature of the interaction). The raw 

thermograms with no baseline correction are shown. 
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Figure S5. Full set of calorimetric titrations performed in two VP-ITCs (two instruments 

x 3 titrations) corresponding to EDTA-Ca2+ (plots with negative deflections due to the 

exothermic nature of the interaction) and EDTA-Mg2+ interaction (plots with positive 

deflections due to the endothermic nature of the interaction). The raw thermograms 

with no baseline correction are shown. 
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Final Remarks 
 

The use of different biophysical experimental techniques (DSC, Fluorescence, SAXS 

and ATR-FTIR) together with the in silico approach by using CG-MD simulations, allow 

the study of the interactions of different antimicrobial D,L-α-cyclic peptides with 

bacterial lipid model membranes. This approach aimed ultimately at understanding the 

D,L-α-cyclic peptides’ mechanisms of action.  

The five CPs here studied, included a first generation (CP1 and CP2) and a 

second generation (CPR, CPRT10 and CPRT14) with improved antimicrobial activity.  

As lipid model membranes DMPG and DMPE:DMPG mixtures of varying negative 

charge content were used. To check the importance of peptide concentration, different 

lipid:peptide ratios were used.  

We observed by DSC that the electrostatic interaction was the main driving 

force. In the case of first-generation peptides, the interaction was overall stronger for 

CP1 than CP2, due to the hydrophobic component of the interaction. As regarding 

second generation, the peptides with tail, CPRT10 and CPRT14, have a much stronger 

membrane interactions, again due mainly to the hydrophobic component. CG-MD 

confirmed the importance of electrostatics, as the main peptide-lipid contacts occur 

with negatively charged lipids These interactions were moderated when the zwitterionic 

DMPE was added to DMPG. Lipid segregation was observed in both peptide 

generations. Remarkably, CP1 de-mixed significantly the two lipid components of the 

system with 10% of negative charge (DMPE:DMPG (1:9)), and in the case of the 

second generation peptides, CPRT14 was able to micellize the DMPG membrane at 

the highest L:P content. These two peptides were the only ones to have an interaction 

with DMPE, although mild.   

CG-MD simulations allows us to visualize the D,L--CPs/membrane 

interactions. For CP1 and CP2 simulations were performed with peptides constrained 

as nanotubes. The CG-MD for the second generation, were performed starting with 

the peptides non assembled in solution and following their assembly in the presence of 

the membrane. Our results show that the supramolecular structures adopted by the 

three peptides are different, namely short nanotubes in the case of CPR, and mainly 

micellar-type aggregates in the case of CPRT10 and CPRT14. 

ATR-FTIR shows that in the presence of membranes the peptides assemble 

mainly as nanotubes with -sheet structure, but the presence of other type of 

aggregated structures (seen in amide I band peaks) was also seen. The use of 
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polarized light allowed us to observe that the peptides lie parallel to the membrane 

surface.  

Fluorescence measurements were performed for the second generation 

peptides, to quantify their partition to membranes of DMPG and DMPE:DMPG(1:1). 

The results shown that CPR has a significantly lower partition than CPRT10 and 

CPRT14, particularly to DMPE:DMPG (1:1), in line with the DSC conclusions. The 

introduction of a hydrocarbon tail in CPRT10 and CPRT14 proved to significantly 

increase the partition (importance of the hydrophobic component of the interaction), 

and further showed that the length of the tail becomes more important than the 

negative charge content of the membrane, as similar values were obtained for each 

peptide in both membrane systems, whereas they were about one order of magnitude 

higher for CPRT14 in both systems. The membrane destruction was clear in the 

leakage studies, where a faster and much more complete leakage was observed for 

the peptides with tail.  

The SAXS and WAXS results showed that only CP1 and CPRT14 interacted 

significantly with DMPE, in perfect agreement with the DSC results. These peptides 

were able to create a second lamellar phase in gel state of DMPE, with higher repeat 

distance, as a result of charging up the membrane. As regarding the interactions of the 

second generation peptides with the bacterial model membrane DMPE:DMPG (3:1), 

the SAXS results showed that CPRT10 and CPRT14 had a much stronger interaction 

in gel and fluid phases, in line with the DSC, CG-MD and fluorescence results. Further, 

the observed significant interaction in fluid phase is in line with their proven 

antimicrobial activity.  

Finally, as regarding the peptide’s possible antimicrobial mechanism of action, 

our structural and CG-MD results suggest that the active peptides CPRT10 and 

CPRT14 act by membrane segregation, due to their DMPG preference, that eventually 

impairs membrane function (CPRT10) or leads to membrane destruction, with possible 

membrane micellization (CPRT14). 
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Future Perspectives 
 

The research work developed left some open questions that may be seen as research 

opportunities to develop new and improved antimicrobial cyclic peptides.  

The size of the nanotubes still remains elusive, since we could get some results 

from CG-MD, but experimentally we could only show that they exist (ATR-FTIR), but 

not assess they size. Thus, techniques such as TEM could be used in the future to try 

to have information on this. 

It would be also very interesting to further characterize the position of the amino 

acid residues in the membrane, using solid state NMR and atomistic MD simulations. 

The solid-state NMR studies were already started, but there was not possible to 

conclude them within the timeframe of this thesis. Another interesting approach would 

be the use of more realistic membranes, such as bacterial extracts, to perform studies 

by DSC and Fluorescence spectroscopy. 

Considering the differences between CP2 and CPR (one Lys substituted by Arg 

in CPR), new studies focusing the role of these residues in antimicrobial action should 

be performed. 

Another direction of research would be the use of biofilms, to assess the effect 

of these peptides. Biofilms are a serious health concern, that contributes to persistent 

chronic infections due to their ability to tolerate antibiotics, host defense systems and 

other external stress factors. 

Hopefully, from the results here and these prospective studies, new and 

improved antimicrobial peptide will be discovered. 

 

 

 

  


