
s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
4
8
5
4
9
/
5
5
4
4
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
3
.
7
.
2
0
2
5

  

 

 

Design, synthesis and structural determination of antimicrobial 

peptides and peptidomimetics 

 

 

Inaugural dissertation 

of the Faculty of Science, 

University of Bern 

 

presented by 

 

Hippolyte Personne 

 

from Amiens, France 

 

 

 

 

 

 

Supervisor of the doctoral thesis: 

Prof. Dr. Jean-Louis Reymond 

 

 

Department of Chemistry, Biochemistry and Pharmaceutical Sciences 



2 

 

 

 

This work is licensed under a Creative Commons Attribution 4.0 International 

License https://creativecommons.org/licenses/by/4.0 

  

https://creativecommons.org/licenses/by/4.0


3 

 

 

 

 

 

Design, synthesis and structural determination of antimicrobial 

peptides and peptidomimetics 

 

 

Inaugural dissertation 

of the Faculty of Science, 

University of Bern 

 

presented by 

 

Hippolyte Personne 

 

from Amiens, France 

 

 

 

 

 

Supervisor of the doctoral thesis: 

Prof. Dr. Jean-Louis Reymond 

Department of Chemistry, Biochemistry and Pharmaceutical Sciences 

 

 

Accepted by the Faculty of Science. 

 

 

 

Bern, 8th December 2023 The Dean, 

 Prof. Dr. Marco Herwegh 

 

 

 

 

 



4 

 

 

Acknowledgments 
 

I would like to express here my gratitude to all the people who helped or supported me during 

the accomplishment of this PhD thesis. First of all, I deeply thank my PhD supervisor, Prof. Dr. 

Jean-Louis Reymond for giving me this opportunity. I am very thankful for all his guidance, 

ideas and discussions which drove to the success of the following work. I really appreciated the 

freedom I had on my projects and all the advice and support concerning my future career.  

 I thank Prof. Dr. Ivan Huc for accepting the terrible task to correct and evaluate this 

thesis; and Prof. Dr. Robert Häner who accepted to be the internal chairman of the PhD 

defense. 

 I deeply thank Dr. Stéphane Baeriswyl, Dr Thissa Siriwardena, Dr. Xingguang Cai 

and Dr. Sacha Javor for introducing me to all the knowledge and experiments I needed to 

conduct my thesis. Special thanks to Prof. Dr. Achim Stocker for all the help during 

crystallography experiments and useful discussions. 

I am sincerely grateful to our collaborators from the University of Geneva Dr. Thilo 

Kohler, Alexandre Lüscher, Lana Mazza and Prof. Dr. Christian van Delden for all the help 

with MDR experiments in their lab and the fruitful discussions. 

 I would like to specially thank Sofia Fulgencio for all the great work she completed 

during her Bachelor project under my supervision. 

 I am thankful to all my colleagues I had the chance to work with for the fruitful projects 

and great science, namely Dr. Alice Capecchi, Dr. Xingguang Cai, Dr. Sacha Javor, Dr. 

Thissa Siriwardena, Etienne Bonvin, Thierry Paschoud, Dr. Elena Zakharova and Dr. Bee 

Ha Gan. 

 Many thanks to Sandra Zbinden who provide a huge administrative support.  

 

 On top of science, I met here real friends who supported me during good and bad times 

and with whom I created very strong relationships, and for that I am warmly thanking David 

Kreutter, Thierry Paschoud, Etienne Bonvin, Kleni Mulliri, Samuel Yasmin, Yves 

Grandjean and Sacha Javor. The success of this thesis is undoubtedly related to the 

endorsement they provide all along. 

For all the good moments and nice atmosphere in the lab, I would like to mention and 

thank all the past and current group members not cited above with whom I really enjoyed to 

spend my four years in and outside the lab: Céline, Geo, Jérémie, Leon, Başak, Andrea, 



5 

 

Matheus, Markus, Giorgio, Alice, Dina, Amol, Marc, Aline, Kris, Josep, Susanna, Elena, 

Kapila, Thissa, Mario, Kaishuai, Bee Ha, Maedeh, Xiaoling, Sven, Philippe, Daniel and Ye. 

 To finish, I would like to thank my family and close friends, especially Arthur Despois, 

who supported me more generally along my studies and pushed me to the top.  

  



6 

 

This thesis is dedicated to my father Jean-François Personne who sadly passed away during 

the accomplishment of the present work.   



7 

 

General abstract 
 

This thesis was guided by two major objectives. The first one, consisting in one global project, 

was the optimization and the structural determination of mixed-chirality α-helical antimicrobial 

peptides. To start with, I synthesized the fucosylated analogs of two antimicrobial peptides ln65 

(homochiral L-) and ln69 (mixed-chirality) discovered in our group by Dr. Stéphane Baeriswyl. 

The addition of the sugar moiety aimed to obtain their X-ray structures by co-crystallization with 

lectin LecB. Therefore, I resolved the X-ray structure of both fucosylated ln65 and dln69, the 

enantiomer of ln69, both showing a α-helical structure. This represents the first α-helix 

composed only of L- and D- natural amino acids. As ln69 showed reduced hemolysis but similar 

antimicrobial activity compared to ln65, I explored the diastereomeric chemical space of ln65 

sequence by synthesizing 31 diastereomers. Through the biological assays and structural 

determination by circular dichroism, I highlighted a correlation between antimicrobial activity, 

hemolysis and α-helical structure. This study led to new potent and non-toxic mixed-chirality α-

helical AMPs. The structural behaviour of these diastereomers was supported by X-ray 

crystallography and Molecular Dynamics. As a last investigation, I applied the ln69 chirality 

pattern to reported α-helical peptides. The stereochemical modifications led to a disappearance 

of membrane-disruptive ability, underlining the sequence dependence of stereochemical 

optimization. 

 The second objective was to contribute to improving solid-phase synthesis methodology 

for peptides and peptidomimetics. This objective contained two subprojects. In the first one, I 

addressed the question of substituting piperidine, which is toxic, expensive, and regulated due 

to its use in illegal drug manufacturing, by a more benign reagent for 9-

fluorenylmethoxycarbonyl (Fmoc) deprotection. In collaboration with Dr. Thissa Siriwardena, 

we screened a broad range of bases and identified dipropylamine (DPA) as a potential new Fmoc 

deprotection agent to replace piperidine in the context of high-temperature Solid-Phase Peptide 

Synthesis. The use of DPA on aspartimide-prone sequences showed significant decrease of 

aspartimide and related byproducts formation. In addition, DPA gave high yields for the 

syntheses of challenging therapeutical peptides and peptide dendrimers. This new Fmoc removal 

agent is cheaper, less malodorous than piperidine and non-regulated. 

In the second project, I investigated how to improve the synthesis of inverse 

polyamidoamine (i-PAMAM) dendrimers, a new type of dendritic molecules developed in our 

group. The synthesis of i-PAMAMs employed iterative peptide coupling and deprotection of the 

very expensive N,N-bis(3-fluorenylmethoxycarbonyl-aminopropyl)glycine building block. I 
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designed a new method, inspired from the submonomer approach of peptoid synthesis in which 

dendrimer extension occurs by on-bead acylation of a free N-terminus with bromoacetic acid, 

followed by nucleophilic substitution of bromide by N,N-bis(3-trifluoroacetyl-

aminopropyl)amine and finally trifluoroacetyl deprotection with aqueous piperidine. This 

method is less expensive and time-consuming compared to the previous i-PAMAMs synthesis. 

The effectiveness of this innovative synthesis was showcased through the successful obtention 

of i-PAMAMs of different sizes. 

 

 

 

 

 

 

Figure 1: Thesis general graphical abstract. (a) X-ray structure obtained by co-crystallization of α-helical mixed-

chirality fucosylated peptide Fdln69 with lectin LecB. (b) Diastereomeric optimization of linear AMP ln65. (c) 

Fmoc deprotection with dipropylamine (d) Novel synthesis of inverse polyamidoamine dendrimers. 
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Abbreviations 
 

One letter and three letter codes of natural and unnatural L-amino acids used in this thesis. D-

amino acids were written in lower case. Dendrimer branching residues were written in italics. 

The full list of used building blocks is presented in the following table. 

 

Amino acid Three letter code One letter code 

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic acid Asp D 

Cysteine Cys C 

Glycine Gly G 

Glutamine Glu Q 

Glutamic acid Glu E 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Norleucine Nle  

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Tryptophane Trp W 

Tyrosine Tyr Y 

Valine Val V 

 

 

AMBP antimicrobial bicyclic peptide 

AMP antimicrobial peptide 

Bag N,N-bis(3-aminopropyl)glycyl 

BOP (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium 

hexafluorophosphate 

Cbz benzylcarbonyl 

CD circular dichroism 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DEA diethylamine 

DIBA diisobutylamine 

DIC N,N-diisopropylcarbodiimide 

DIPA diisopropylamine 

DMF dimethylformamide 
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DODT 3,6-dioxa-1,8-octane-dithiol 

DPA dipropylamine 

Dts dithiasuccinoyl 

ETFA ethyl trifluoroacetate 

Fmoc 9-fluorenylmethyloxycaronyl 

h hour 

HF hydrogen fluoride 

HPLC High-Performance Liquid Chromatography 

HRMS High Resolution Mass Spectrometry 

i-PAMAM inverse polyamidoamine 

kDa kilodalton 

LB Lysogeny Broth 

LecB Lectin B 

MD Molecular Dynamics 

MDR multidrug resistant 

MH Mueller-Hinton 

min minute 

NBP N-butylpyrrolidinone 

ns nanosecond 

PAMAM polyamidoamine 

PDB Protein Data Bank 

PPR piperidine 

PyBOP (benzotriazol-1-yloxy)tri(pyrrolidino)phosphonium 

hexafluorophosphate 

PZ piperazine 

RMSD Root Mean Square Deviation 

SPS Solid-Phase Synthesis 

SPPS Solid-Phase Peptide Synthesis 
tBu tert-butyl 

TFA trifluoroacetic acid 

Tfa trifluoroacetyl group 

TFE 2,2,2-trifluroethanol 

TIS triisopropylsilane 

XDR extensively-drug resistant 
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1. General Introduction 
 

1.1 Solid-Phase Peptide Synthesis 
 

Natural and synthetic peptides gained interest these last decades as exemplified by the increasing 

number of therapeutic peptides approved for clinical use.1,2 The main strategy to prepare such 

molecules is to use Solid-Phase Peptide Synthesis (SPPS), which consists in elongating a 

growing peptide chain, attached by its C- terminus to a polymeric resin used as solid-support, 

by adding amino acids to its N-terminus iteratively. First, the free peptide N-terminus is reacted 

with a solution containing an excess of an N-protected amino acid and a coupling reagent. The 

resin is then washed with solvent to remove unreacted excess reagents and coupling byproducts 

and treated with an N-deprotection reagent. After washing the excess reagents and byproducts, 

the growing peptide chain is ready for the next elongation cycle. (Figure 2). When the peptide 

sequence is fully assembled, cleavage from the resin and deprotection of side chains are 

simultaneously performed. Although widely used and automated, SPPS is still in constant 

improvement due to its environmentally detrimental process and hazardous chemicals. In this 

thesis, SPPS was used as a tool for the synthesis of antimicrobial peptides but also optimized for 

standard peptides and peptidomimetics synthesis. In this context, after an introduction on the 

principal breakthroughs since its discovery, we will focus on the recent advancements aiming 

for a greener and safer SPPS.  

The term SPPS and its first methodology was introduced by Robert Bruce Merrifield in 

1963,3 using a polystyrene crosslinked with divinylbenzene solid-support, giving him the Nobel 

Prize of Chemistry in 1984. A hydrophobic tetrapeptide was successfully synthesized using the 

benzylocarbonyl (Cbz) protecting group for α-amines (Figure 3a). A few months later, 

Merrifield introduced the acid-labile tert-butyloxycarbonyl (Boc) as an amino protecting group 

for the synthesis of the larger peptide Bradykinin,4 and optimized the procedure with milder 

conditions.5 In 1967, Sakibara et al reported anhydrous hydrogen fluoride (HF) for the removal 

of several protecting groups,6 which was further used for final cleavage during Boc SPPS. 

Afterwards, the major SPPS concept of orthogonal synthesis was brought to the community by 

George Barany after the design of dithiasuccinoyl (Dts) protecting group7 which can be removed 

with a reducing agent and resisting mild and strong acidic conditions used in Boc SPPS allowing 

high selectivity between side chains deprotection. While being efficient, Boc synthesis required 

multiple acidolysis, by treatment with trifluoroacetic acid (TFA) during elongation and  the final 

HF cleavage causing many complications and careful handling.8,9 
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Figure 2: Overview of standard SPPS strategy in the case of a carbamide C-terminal sequence. AA = amino acid, 

APG = α-amino protecting group. PGx = orthogonal protecting group. Synthesis on solid support leads to high yield 

of amino acid sequence by the iteration of (i) amino acid coupling using excess of reagents and (ii) deprotection of 

the α-amino group. Final peptide is obtained after (iii) simultaneous cleavage of orthogonal side chains protecting 

groups and of peptide from resin. 
 

 

 

A new SPPS method was developed by Hoffmann-La Roche10 using the base-labile 9-

fluorenylmethoxycarbonyl (Fmoc) amino protecting group developed by Carpino and Han,11 

leading to the procedure used nowadays. This strategy used the tert-butyl (tBu) side chain 

protecting group that can be removed in acidic conditions, which avoided final HF cleavage. 

The standard procedure of Fmoc SPPS involved the anchoring of the first C-terminal Fmoc-

protected amino acid on the solid support via ester of amide linkage, followed by Fmoc 

deprotection (usually using piperidine, Figure 3b) and is conducted in N,N-dimethylformamide 

(DMF).  

 

The peptide sequence is built on the solid support through the repetition of (1) Fmoc-

amino acid coupling with either a phosphonium salt as (benzotriazol-1-

yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP)12 or (benzotriazol-1-

yloxy)tri(pyrrolidino)phosphonium hexafluorophosphate (PyBOP)13 with 1-

hydroxybenzotriazole (HOBt)14 as an additive to reduce racemization and other base-catalysed 

side reactions, or more recently with a standard carbodiimide such as N,N’-

diisopropylcarbodiimide (DIC) commonly mixed with ethyl cyanohydroxyiminoacetate 

(Oxyma)15 (Figure 3c) and (2) Fmoc deprotection (Figure 3b). Finally, cleavage from the resin 

and removal of side chains protecting groups is performed usually by treatment with TFA in 

presence of scavengers such as triisopropylsilane (TIS)16 or 3,6-dioxa-1,8-octane-dithiol17 

(DODT) to avoid reactions between deprotected amino acids and formed side-products (Figure 

3d). 
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Figure 3: SPPS protecting groups and reagents mentioned in the introduction.  
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Multiple orthogonal protecting groups18 and coupling reagents19,20 have been designed 

to tune SPPS. In addition, the various resins, chemical ligation strategies 21–23 and stapling / 

cyclization / bioconjugation methods24,25 development facilitated the access to a broad range of 

complex peptide and peptide-based molecules including mono- and multicyclic peptides, 

peptide dendrimers and modified proteins for various applications. 

During the last years, the chemical industry is facing ecological issues, and efforts have 

been concentrated on the development of new green and safe process. Focusing on peptide 

industry, this was exemplified recently in European Union by the near future regulation of DMF 

use.26 Lately, reviews highlighted recent efforts made to reduce environmental impact of 

SPPS.27,28 Among all research reported, the principal objective was to substitute DMF by a green 

solvent or solvent mixture suitable for Fmoc SPPS. Notably, γ-valerolactone29, N-

butylpyrrolidinone (NBP),30 ethyl acetate31,32 and various solvent mixtures33 were extensively 

studied both in academia and in industry as very promising DMF alternatives (Figure 3e).  

Secondly,  amino acid coupling was shown to product toxic hydrogen cyanide (HCN) by 

side reaction between DIC and Oxyma.34 As safer procedures, SPPS in a mixture of NBP and 

ethyl acetate were developed.35,36 The elaboration of new carbodiimide also helped to reduce 

HCN formation when used together with Oxyma.37  

Another aspect when thinking about safer SPPS is the replacement of piperidine for 

Fmoc deprotection as it is toxic, expensive, and regulated as a drug precursor. Furthermore, 

piperidine induces base-catalyzed side-reactions, especially aspartimide formation for aspartic 

acid containing peptides. The last ten years, piperazine / 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU),38 morpholine,39 4-methylpiperidine40 and pyrrolidine41 have been reported to replace  

piperidine (Figure 3b). 

Finally, significant process changes have been published, importantly SPPS in aqueous 

media for suitable Fmoc and Boc strategies,42,43 and new procedures for significant reduction of 

solvent consumption.44,45  

 

1.2 Bacterial pathogens and antimicrobial resistance 
 

Bacteria are classified in two different types: Gram-negative and Gram-positive, names acquired 

from the Gram staining test for which the result, negative or positive, differs depending on the 

bacterial morphology. Gram-negative pathogens possess two different membranes: an outer 

membrane mainly composed of phospholipids and negatively charged lipopolysaccharides 

(LPS), responsible for inflammation through its interactions with the immune system. The outer 
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wall also contains Gram-negative specific proteins named porins having a crucial role in 

bacterial infection and defense.46 In addition, a thin peptidoglycan layer is present between the 

outer and the inner (cytoplasmic) membranes. On the other hand, Gram-positive bacteria are 

only surrounded by thick layers of peptidoglycan.47 (Figure 4). As a result of a stronger 

protection from their environment, Gram-negative pathogens are more prone to develop 

resistance against various types of bactericidal drugs.48,49 

 

Figure 4: Structures of Gram-positive and Gram-negative membranes. WTA = wall teichoic acid, CAP = covalently 

attached protein, LTA = lipoteichoic acid, IMP = integral membrane protein, LPS = lipopolysaccharides, OMP = 

outer membrane protein, LP = lipoprotein. Figure taken from reference 47. 

 

In 2019, 13.7 million deaths were related to infections, and 7.7 million were caused by 

only 33 bacterial pathogens,50 representing around 14% of global deaths. These number are 

constantly increasing, due to the aptitude of bacteria to develop resistance to antibiotics after the 

overuse of classical molecules. A bacterial specie is defined as multi-drug resistant (MDR) if it 

is not susceptible to at least one antimicrobial agent in three or more categories. In addition, a 

new type of resistant bacteria appeared at the beginning of the 21st century, called extensively-

drug resistant (XDR) pathogens,51 for those almost no approved antibiotics are shown to be 

effective.52 Resistance could be either intrinsic, meaning the resistance is always expressed by 

the bacteria; induced, for which the pathogen will express resistance mechanism by itself after 

exposure to drugs even if already present in its natural genome; or acquired, which signifies that 

the genetic material will mutate by transformation of its own genome or by acquisition of genetic 
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material from another specie.  

Although bacterial resistance mechanisms can take multiple facets, four categories 

enclose all modes of action.53 (1) The limitation of drug uptake; (2) the mutation of the specific 

drug-target inducing the absence of interactions necessary for the antimicrobial activity, 

including not only mutations of protein or RNA targets of antibiotics, but also the modification 

of membrane components, as observed with alteration of lipid A as a resistance mechanism 

against polymyxins;54 (3) the inactivation of the antibiotic by degradation or chemical 

modification; and (4) the activation of drug efflux by overexpression of efflux pumps or by their 

modification to render them more effective. 

In 2018, the World Health Organization listed bacterial species depending on their 

priority to be treated. In particular, six of them called ESKAPE (two Gram-positive strains: 

Enterococcus faecium and Staphylococcus aureus, and four Gram-negative: Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species) 

particularly developed critical resistance mechanisms and caused a majority of the treated 

infections in hospitals. Since these pathogens are considered as “opportunistic”, meaning they 

normally do not cause severe infections but induce serious pathogenic diseases if low efficiency 

of the immune system, development and design of new antibiotics were lately focused on these 

specific pathogens. 

 

1.3 Antimicrobial peptides to tackle bacterial resistance 
 

Antimicrobial peptides (AMPs) have emerged as a new class of antibiotics and have been 

intensively studied to counter antimicrobial resistance. Natural AMPs are present in all living 

organisms and are part of the immune system to defend the host against infections, which can 

be bacterial, fungal or viral;55,56 therefore exhibiting a broad-range on Gram-negative bacteria, 

Gram-positive bacteria and other pathogens. AMPs can be either ribosomal, usually linear amino 

acids sequences that are further modified after translation, or non-ribosomal (NRPs), which are 

synthesized by non-ribosomal peptide synthetases incorporating moieties that are not limited to 

the 20 natural amino acids, such as D- amino acids or lipidic chains, but also can confer specific 

cyclized structures. Despite efforts made during the last century to identify such molecules, only 

ten NRPs have been clinically approved and marketed, notably gramicidin, polymyxin, colistin 

or vancomycin (Figure 5).57 
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Figure 5: Structures of commercial non-ribosomal antimicrobial peptides. 

 

However, the majority of developed AMPs are rather short linear peptides, constantly 

feeding the lately created databases with today thousands of reported sequences.58,59 AMPs 

display different mode of actions:57,60 via a direct action on bacteria by membrane targeting and 

disruption or by the inhibition of vital process via intracellular targeting; or by regulation of the 

host immune system. In the context of this thesis, we will focus on the mechanism of membrane-

disruptive AMPs and on the recent developed strategies for AMPs enhancement.  

Most of the membrane-disruptive AMPs are usually amphiphilic, i.e. presenting both 

hydrophobic and hydrophilic properties, feature necessary for their antibacterial behaviour, and 

generally present an α-helical structure observed in presence of a membrane-like environment 

but not in solution, and less frequently a β-sheet structure maintained with or without membrane 

component. The hydrophilic part is generally composed of cationic residues which interact with 

the negative charges of the bacterial membrane for a first adherence of the peptide on the 
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bacterial cell surface. Then, the hydrophobic part induces new interactions with membrane’s 

lipids and / or aggregations via inter-peptides interactions. Three major models had been 

described to explain membrane-disruptive mechanisms of action. The carpet model in which 

peptides are covering membrane’s surface and disrupting it in a “detergent” like mechanism 

(Figure 6a). The barrel-stave model, usually caused by amphiphilic α-helical peptides, induces 

the formation of helix bundles incorporated into the membrane, with the hydrophobic surface of 

peptides interacting with cell’s lipids and the cationic residues pointing to the centre of the 

formed pore (Figure 6b). Finally, the toroidal model causes local curvature creating “torus-like” 

shape pore, disrupting membrane integrity (Figure 6c).  

Due to the intrinsic difference in the lipid composition of bacterial and mammalian cells, 

with an overall more anionic envelop in case of bacteria,61 the selectivity for bacterial cells 

targeting is possible. Note that cancer cells also present an increase of their membrane’s net 

negative charge, conferring amphiphilic cationic AMPs anticancer properties.62 

 

Figure 6: Principal membrane-disruptive models by AMPs. (a) Carpet-model (b) Barrel-stave model and (c) 

Toroidal model. Figure adapted from reference56. 

 

 Although this type of AMPs showed high potency against a broad range of bacterial 

species, they are usually lacking selectivity between bacterial and eukaryotic cells, making 

impossible to enter further clinical development.63  Furthermore, as they are mainly composed 

of natural amino acids, they are easily degraded by proteolysis. Improving AMPs properties to 

a) Carpet model b) Barrel-stave model

c) Toroidal model
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balance their antibacterial activity, toxicity and stability have lately become the main priority in 

the field of AMPs design. Substitution of natural amino acids by their D- enantiomers or 

incorporation of other unnatural building blocks was shown to reduce toxicity and prevent AMPs 

from proteolytic degradation.64–68 Same effect was observed in the case of the use of peptoid 

residues for which side chains are attached on the α-nitrogens.69–72 Cyclization of AMPs via 

stapling methods also enhance stability in addition to maintaining the structure responsible for 

the antibacterial activity,73–77 similarly to foldamers design.78–80 On the top of experimental 

structural design, emerging computational tools showed efficiency to design AMPs sequences 

and predict their biological properties.81–85 

 

1.4 Structural determination of antimicrobial peptide by X-ray 

crystallography 
 

X-ray crystallography is a method to resolve the three-dimensional structure of very small to 

large molecules such as protein and nucleic acids with atomic resolution. It requires a periodic 

assembly within the crystal lattice of the target molecule able to create a diffraction pattern when 

submitted to X-rays. The relationship between atomic structure and the diffraction pattern was 

first discovered in the early 1910s by William Henry Bragg and his son William Lawrence 

Bragg, sharing the Nobel Prize in Physics in 1915.86 The same year, W. H. Bragg first described 

the relationship between the X-ray diffraction pattern and the arrangement of atoms within the 

crystal using a mathematical Fourier transform operation. However, the resolution of the Fourier 

transforms to the molecular structure needs both amplitudes and phases, while X-ray only gives 

the amplitude: this is the “phase problem”. To counter this lack of experimental information, 

one can use different strategies depending on the size of the molecule. For small molecules, 

direct methods where the phases can be mathematically constructed are preferred. In the case of 

larger molecules, as in structural biology, other approaches need to be employed as the 

molecule’s flexibility is higher. Three major methods have been developed: isomorphous 

replacement and anomalous dispersion, for which phases can be obtained by the insertion of 

known perturbations; and molecular replacement, where a similar structure with known phases 

is used to approximate the unknown information.87  

 Two recent breakthroughs redefined the way to deal with biomolecules structural 

determination. The first one is cryo-electron microscopy (cryo-EM) that enables the access to 

biomacromolecules structures at very high resolution without requiring crystal assembly.88 The 

biomolecules are frozen at very low temperature, trapping their conformations in amorphous ice. 

Through the analysis of the sample from multiple angles with electron microscopy, several two-
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dimensional are obtained from which the three-dimensional structure can be determined at very 

high resolution. This tool is extremely powerful as the visualization of native protein 

conformation and their dynamics can be deciphered. Nevertheless, cryo-EM is not well-suited 

for proteins with a mass less than around 60 kDa; and despite the latest enhancements in cryo-

EM techniques, the resolution achieved for protein structures remains inferior to that of X-ray 

determination.89 Furthermore, in our case, the aim is to obtain a particular secondary structure 

of our AMPs, which are usually unfolded in water. The cryo-EM samples are frozen directly in 

aqueous solution and most of the peptide would not show any specific conformation. In addition, 

from our experience, α-helical structures of our AMPs are stabilized within the crystal by the 

formation of helix bundle, supposedly formed during the crystallization process. 

 The second is the lately development of AlphaFold,90 which is an artificial intelligence’s 

tool predicting protein structures with very high accuracy, as exemplified by the structural 

prediction of 98.5% of the human proteome.91 However, the prediction of protein structure is 

limited by sequence’s length and is not suitable for short peptide. Although the emergence of 

AlphaFold represents a huge scientific advance for various applications, it is still a prediction 

tool useless as we are looking for direct structural observations, which is currently only 

achievable by X-ray crystallography. 

As X-ray crystallography was used in this thesis to obtain three-dimensional insights of 

AMPs using co-crystallization method with the bacterial protein lectin LecB from Pseudomonas 

aeruginosa, we will now focus on X-ray crystallography of proteins and on the method used to 

obtain the experimental data presented later.  

 Four major steps are needed to obtain the crystal structure of a protein: (1) to crystallize 

the biomolecule, (2) to obtain high quality diffraction pattern, (3) to computationally determine 

the electron-density map and (4) to build and refine the protein structure (Figure 7). 

Experimentally, the most widely used technique, also used in this thesis, is the vapor diffusion 

technique. A drop of the protein solution with precipitant is either sitting or hanging in a sealed 

compartment with a reservoir of pure precipitant condition. This technique is based on the 

equilibrium between the concentrations of the two solutions.92 Once high-quality crystals are 

obtained, they are collected in specific cryogenic conditions, frozen and stored in liquid nitrogen 

until diffraction experiment. The record of X-ray diffraction is performed in a synchrotron, in 

our case at the Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland), by measuring 

diffraction patterns through different angles of the crystal. The electron-density map which 

allows to visualize the molecular shape is assembled computationally. The molecule is then built 

and refined until the atomic model satisfies the map for the obtention of the final crystal 
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structure. 

 

Figure 7: Workflow of the conventional protein crystallography process from protein production to final crystal 

structure. 

 

 

 

 While widely used for small molecules and biomacromolecules, X-ray crystallography 

is still getting poorly utilized for structural determination of small peptides due to their difficulty 

to crystallize. X-ray crystallography of peptides is limited by the difficulty to obtain high-quality 

crystals that are well-diffracting and the necessity of a large amount of materials. In the context 

of AMPs, getting insights into their structural properties would be of high interest for structure-

based optimization.93 In our lab, we developed a co-crystallization strategy to obtain snapshots 

of AMPs three-dimensional structures. The peptide of interest is first fucosylated at his N-

terminus and mixed with LecB. Due to the high affinity of the LecB for fucosyl moiety, the 

peptide binds the protein and is effectively immobilized within the crystal structure. The 

robustness of this method has been shown with the structural insights of linear,94 cyclic,95 

byclic96 and dendritic peptides (Figure 8).97 In the following chapters, the co-crystallization 

methodology has been successfully used for the resolution of α-helical mixed-chirality peptides. 

Protein production and purification

Crystallization

X-ray diffraction pattern

Electron density map

Building and refining

Crystal structure
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Figure 8: X-ray structures of antimicrobial peptides obtained via co-crystallization with lectin LecB. (a) linear 

AMP SB4 (PDB 6Q86), (b) cyclic AMP RH11o (PDB 5NEY), (c) bicyclic peptide bp71 (PDB 6Y0U) and (d) 

dendritic AMP SBD8 (PDB 6S5S). LecB is represented in green cartoon and Ca2+ atoms in magenta. 

  

a) b)

c) d)
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2. Chapter 1: Structural study and optimization of mixed-

chirality linear α-helical antimicrobial peptides 
 

2.1 X-ray structure of a mixed-chirality short α-helical linear AMP 
 

Work presented in this section was part of the following published study. It has been rewritten 

to show PhD candidate’s contribution only. 

 

S. Baeriswyl,* H. Personne,* I. Di Bonanventura, T. Köhler, C. van Delden, A. Stocker, S. 

Javor and J.-L. Reymond, A mixed chirality α-helix in a stapled bicyclic and a linear 

antimicrobial peptide revealed by X-ray crystallography, RSC Chem. Biol., 2021, 2, 1608-1617. 

https://doi.org/10.1039/D1CB00124H 

 

* These authors contributed equally. 

 

Abstract 

The α-helical secondary structure of natural peptides is right-handed as composed of L- amino 

acids. The incorporation of D- amino acids usually disrupt the helix due to the induction of left-

handed conformation. However, the helix can be maintained by stapling motifs or by introducing 

α-helix inducer. In this section, we report the X-ray crystal structures of a fucosylated α-helical 

mixed-chirality short linear peptide containing L- and D- enantiomers of natural amino acids 

obtained by co-crystallization with bacterial lectin LecB. The superimposition of mixed-chirality 

α-helices onto homochiral α-helices revealed almost identical backbone structures. Together 

with non-hemolytic and stability properties of the mixed-chirality sequence, this finding 

highlights the potential of mixed-chirality for bioactive α-helical L-peptides optimization. 
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Introduction 
 

α-Helicity is one of the most common secondary structures of peptides and proteins involved in 

their interactions and activities. Naturally composed of L-amino acids, this conformation adopts 

a right-handed three-dimensional structure. Generally, incorporation of D-amino acids in these 

sequences results in the disruption of the helix.98,99  Mixed-chirality peptides have been reported 

which form alternative conformations such as β-helices, exemplified by Gramicidin,100–102 α-

strands,103 or supramolecular assemblies.104–106 However, preserved α-helicity have been 

observed by X-ray crystallography in mixed-chirality peptides containing the α-helix inducer 2-

aminoisobutyric acid residue.107–111 α-helices were also observed in mixed-chirality macrocyclic 

and stapled peptides containing only one or two D-amino acids substitutions.112–114 A systematic 

study published by Chen et al. on incorporation of a single D- residue in a 18-mer helical peptide 

showed helicity disruption in aqueous solution but not in a hydrophobic environment using 

circular dichroism.115 

In the context of small amphiphilic α-helical AMPs, D-amino acid substitutions have 

been reported to prevent peptides from proteolytic degradation and reduce toxicity against red 

blood and mammalian cells while preserving antibacterial activity, however they were generally 

detrimental for helical folding.65,116–124 This behaviour is supported by a so-called “carpet” 

model in which AMPs interact with the bacterial membrane through their hydrophobic part and 

act as detergents, in line with the absence of pore formation necessary for hemolysis.125 

Nevertheless, mixed-chirality seems to be generally incompatible with α-helical folding. 

Starting from the antimicrobial bicyclic peptide (AMBP) bp3 designed by chemical 

space guided approach,126 optimization by adding a leucine at its C-terminus and switching L-

lysines to their D- version led to AMBPs bp65 and bp69 and their linear analogs ln65 and ln69.96 

Circular dichroism and molecular dynamics simulation in membrane-like environment 

suggested that all four compounds were α-helical. In this section, we obtained direct structural 

proof of α-helicity in these all L- and L-/D- mix linear sequences using co-crystallization 

strategy with lectin LecB, an approach to structural studies of short peptides previously reported 

for linear,94 cyclic,127 bicyclic96,128 and dendritic peptides.97 we obtained X-ray crystal structures 

of fucosylated analogs as complexes with LecB, establishing unequivocal proof of α-helical 

conformations and high structural similarity between homochiral and mixed-chirality helices. 
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Results and Discussion 
 

Co-crystallization with lectin LecB 

In the aim to get an insight into structural conformation of these peptides by co-crystallization 

with LecB protein, we prepared fucosylated analogs of ln65, ln69 and their enantiomers dln65 

and dln69, respectively named Fln65, Fln69, Fdln65 and Fdln69 using SPPS and by coupling 

peracetylated α-L-fucosyl acetic acid moiety at the N-terminus (Scheme 1 and Table S1.1). 

Acetyl groups were removed before cleavage from the resin and purification with preparative 

HPLC. 

These compounds, mixed to lectin LecB in a molar ratio of 5 peptides for 1 protein 

monomer, were screened over 192 different crystallization conditions. Among the 27 crystals 

obtained, two of them showed good diffraction and gave full peptide structures as lectin LecB 

complexes, one for the homochiral Fln65 and one of mixed-chirality Fdln69 (Table 1). 

Fln65·LecB complex structure (PDB 7NEF, 1.51 Å resolution, Table S1.2 and Figure S1.1) 

involved eight non-equivalent asymmetric units containing each one lectin monomer and one N-

terminally fucosylated peptide, leading to eight complete Fln65 structures. All of them presented 

amphiphilic α-helical conformation. In addition, the superimposition of crystallographically 

distinct peptides showed similar three-dimensional conformations (Figure 9A). The crystal 

structure was maintained by hydrophobic intermolecular interactions between leucines side 

chains of peptides forming a bundle composed of eight helices (Figure S1.1).  

 

 

Scheme 1: Synthesis of Fln65. SPPS conditions: (i) Fmoc deprotection: 5% w/v piperazine, 2% v/v DBU, 10% v/v 
butanol in DMF, 60 °C, 1 and 4 min, (ii) Amino acid coupling: Fmoc-AA-OH (5 eq.), Oxyma (5 eq.), DIC (6 eq.) 

in DMF, 60 °C, 2 x 8 min; (a) Peracetylated α-L-fucosyl-acetic acid (3 eq.), Oxyma (3 eq.), DIC (3 eq.) in DMF, 

50 °C, 30 min; (b) MeOH/NH4OH (25%)/H2O (8/1/1 v/v/v), r. t., overnight; (c) TFA/TIS/H2O (94/5/1 v/v/v), r. t., 

3 h. C-terminus is a carbamide. 
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Table 1: X-ray crystal structures of Fln65 and Fdln69. 
no. Sequencea) Conditions PDB 

code 

Res. Nb) 

Fln65 *KKLLKLLKLLL 40 µM LecB, 200 µM peptide, 0.2 M Magnesium 

formate dihydrate (Crystal Screen D8) 

 

7NEF 1.5 Å 8 

Fdln69 *KKllKllKlll 40 µM LecB, 200 µM peptide, 0.2 M Sodium citrate, 

0.1 M Sodium cacodylate pH 6.5, 30% v/v i-ProH 

(Crystal Screen A8) 

7NEW 2.0 Å 2 

a) One letter codes for amino acids, * = α-L-fucosyl-acetyl. The structural formulae of compounds are shown in the 

Supporting Information. b) N = number of crystallographically non-equivalent fully resolved structures.  

 

Similarly, the crystal structure of Fdln69 in complex with LecB (PDB 7NEW, 2.02 Å 

resolution, Table S1.3 and Figure S1.2) contained four asymmetric fucose-binding sites. Two of 

them showed full α-helices conformations after resolution (Figure 9B), whereas only the fucosyl 

group and the first amino acid were resolved for the two other asymmetric sites, indicating 

unfolded conformation (Figure S1.2). Interestingly, the exact mirror images of the two left-

handed helical structures resolved in Fdln69 X-ray structure were almost identical to the eight 

different structures obtained for the homochiral analog with RMSD values between the 

backbones < 0.9 Å (Figure 9B). These very small variations indicate that the incorporation of 

D- amino acids did not alter peptide folding.  

Molecular dynamics of Fln65 bundles  

The characteristic behaviour observed in small α-helical amphiphilic AMPs, as revealed by CD 

measurements for ln65 and ln69,96 includes folding in a membrane-mimicking environment and 

a complete unfolding in aqueous solutions. This observation was corroborated by MD 

simulations for a single peptide in the presence or absence of interactions with a DPC micelle.96 

However, in the X-ray crystal structure of Fln65 in complex with LecB, the different copies of 

peptide ln65 present in the asymmetric unit are not making significant binding with the lectin 

monomers apart from the fucosyl groups and are mainly surrounded by water. To investigate 

whether the helical conformation is due to interpeptide interactions as reported for other AMPs,94 

we removed sugar moieties from the peptides structures obtained for Fln65 and performed 

molecular dynamics in aqueous physiological salted conditions (0.15 M NaCl) during 1000 ns 

for the complete bundle and for one of the obtained helices. The bundle’s aggregation was 

maintained along the run by hydrophobic contacts showing folding ability in absence of 

membrane environment (Figure 10). In contrast, the single peptide rapidly unfolded after the 

beginning of the simulation. These results confirmed the ability of the intermolecular 

interactions within the bundle to maintain secondary structure of the peptides in aqueous 
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surroundings. Due to incomplete bundle in the case of Fdln69 structure, the MD was not 

performed. 

 

 

Figure 9: X-ray structures of Fln65 and Fdln69. (A) (i) Left panel: X-ray structure of the Fln65·LecB complex. 

Electron density (blue mesh) for one of the eight distinct helices in PDB 7NEF. Peptide is represented as sticks, 

LecB monomer in green cartoon and Ca2+ atoms of the lectin binding site are represented by magenta spheres. Right 

panel: Stick model as observed in the crystal. Hydrophobic side chains are colored in red and cationic side chains 

in blue. (ii) Superimposition of all eight asymmetric peptides. Same color code as described before. (B) Same as 

(A) for Fdln69·LecB complex (PDB 7NEW). (C) RMSD calculated in PyMol between the backbone of Fln65 

(PDB 7NEF chain I) and the backbones of other non-equivalent helices (PDB 7NEF chains J, K, L, M, N, O and 

P) and Fdln69 helices (PDB 7NEW chains E and G). Fucosyl groups were omitted for superimposition and RMSD 

calculations. 

i) Fln65 .LecB complex (all L-)

iii) Fdln69 .LecB complex (mixed chirality)

ii) 

iv)

A

B



30 

 

 

Figure 10: MD simulations of ln65 obtained by X-ray crystallography. (a) Root mean square distances of the 

backbone atoms relative to the starting backbone conformation of a single peptide in the bundle (orange curve) 

compared to a single peptide in water (blue curve). (b) Overlay of 100 states over the 1000 ns run trajectory of the 

bundle in water. The average structure is shown as grey cartoon (backbone) and colored sticks (side chains). The 

100 states are shown as thin lines. Hydrophophic side chains are colored in red and cationic side chains are colored 

in blue. 

 

Conclusion 
 

Starting from the discovery of homochiral (ln65) and mixed-chirality (ln69) linear sequences,96 

we investigated structural behaviour of their fucosylated analogs using co-crystallization with 

lectin LecB. X-ray crystal structures were obtained for homochiral Fln65 and mixed-chirality 

Fdln69 showing similar α-helical conformation. In addition, MD simulation of Fln65 peptide 

bundle suggested a stable conformation in aqueous environment maintained by hydrophobic 

interactions. 

 This first direct observation of a mixed-chirality α-helix only composed of natural amino 

acids demonstrate the ability of a folded sequence to tolerate multiple D- residues incorporations, 

which should retain its amphiphilic structure and therefore its antibacterial activity. Taking 

together with the reduced toxicity and higher stability of these peptides, these results suggest 

mixed-chirality as an optimization method of L-bioactive α-helical peptides. 

  

a) b) 
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2.2 To Fold or Not to Fold: Diastereomeric Optimization of an α-

Helical Antimicrobial Peptide 
 

This work has already been published and the publication is reproduced hereafter. Authors 

contributions are detailed at the end of the section. 

 

H. Personne, T. Paschoud, S. Fulgencio, S. Baeriswyl, T. Köhler, C. van Delden, A. Stocker, 

S. Javor and J.-L. Reymond, To Fold or Not to Fold: Diastereomeric Optimization of an α-helical 

Antimicrobial Peptide, J. Med. Chem, 2023, 66(11), 7570-7583. 

https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00460 

 

 

 

 

Abstract 
 

Membrane disruptive α-helical antimicrobial peptides (AMPs) offer an opportunity to address 

multidrug resistance, however most AMPs are toxic and unstable in serum. These limitations 

can be partly overcome by introducing D-residues, which often confers protease resistance and 

reduces toxicity without affecting antibacterial activity, presumably due to lowered α-helicity. 

Here we investigated thirty-one diastereomers of the α-helical AMP KKLLKLLKLLL. Three 

diastereomers containing two, three and four D-residues showed increased antibacterial effects, 

comparable hemolysis, reduced toxicity against HEK293 cells, and excellent serum stability, 

while another diastereomer with four D-residues additionally displayed lower hemolysis. X-ray 

crystallography confirmed that high or low α-helicity as measured by circular dichroism 

indicated α-helical or disordered structures independently of the number of chirality switched 

residues. In contrast to previous reports, α-helicity across diastereomers correlated with both 

antibacterial activity and hemolysis and revealed a complex relationship between 

stereochemistry, activity, and toxicity, highlighting the potential of diastereomers for property 

optimization.  
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Introduction 
 

Membrane disruptive antimicrobial peptides (AMPs), which occur naturally as part of the innate 

immune system, offer an opportunity to address multidrug resistant (MDR) bacteria because of 

their unspecific mechanism of action, against which resistance does not occur easily.129–131 Such 

AMPs are however unstable in serum and most often toxic owing to their membrane disruptive 

amphiphilic and most often α-helical structure triggering their antibacterial effect. Their 

properties can be improved by sequence optimization,132–135 whereby the most versatile 

approach consists in introducing non-natural structural elements57 such as D-amino 

acids,117,65,136–138 non-natural residues,139 β- or -amino acids,140,141 isopeptide bonds,142 or 

entirely non-peptidic elements such as spermine143 or fatty acids.144,145 A complete redesign of 

AMPs is also possible in form of dimers,146 cyclic or bicyclic staples,126,147,148 small 

molecules,149 peptoids,150,151 foldamers,152 or dendrimers.153,154  

 For α-helical AMPs and analogs, the toxicity reduction effect observed upon introducing 

D-residues or similar perturbations, often measured as lower hemolysis of red blood cells, is 

generally attributed to a reduced α-helical folding, which would block pore formation on the 

membrane surface as a trigger for hemolysis. On the other hand, coating and destabilization of 

the bacterial membrane, and therefore the antibacterial effect, would still be possible with the 

modified peptide in the absence of folding.137,119,155,156 However, very little structural evidence 

or systematic studies support the hypothesis that reduced α-helical folding should generally 

preserve antibacterial activity while reducing toxicity.   

In our own search for new antibacterial compounds, we have discovered several antimicrobial 

peptide dendrimers (AMPDs) with very low hemolysis and strong activity against Gram-

negative bacteria including MDR clinical isolates.157–160 By investigating stereorandomized 

sequences, which are obtained by solid-phase synthesis using racemic building blocks and 

consist of a mixture of all possible diastereomers, we found that stereorandomized (sr-) AMPDs 

also exhibit strong antibacterial effects and very low hemolysis, suggesting an intrinsically 

disordered bioactive conformation.161,162 The same effect was observed with the intrinsically 

disordered AMP indolicidin163 but not with α-helical linear AMPs such as DJK-5,164 which lost 

their activity when stereorandomized.161  

In a separate series of experiments with antimicrobial bicyclic peptides,126,128 we 

discovered a short membrane disruptive antibacterial but somewhat hemolytic linear 

undecapeptide, KKLLKLLKLLL (ln65), which did not appear, even as partial sequence, in 

databases of AMPs,165,166 proteins,167 or ChEMBL (Figure 11).168 The activity of this AMP was  
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Figure 11: (a) Chemical structure of ln65. (b) Helix wheel of ln65 sequence predicted by HeliQuest.169 Blue and 

yellow indicate respectively cationic and hydrophobic residues. The arrow inside the helix wheel indicates the 
magnitude and direction of the hydrophobic moment. (c) Structure of ln65 (PDB 7NEF, chain I) obtained by X-ray 

crystallography of a fucosylated analogs in complex with the bacterial lectin LecB. Cationic side chains are colored 

in blue and hydrophobic side chains are colored in red.  

 

preserved upon inverting it’s four lysine residues to D-enantiomers to form kkLLkLLkLLL 

(ln69), while its hemolysis was strongly reduced.96 Strikingly, both the all-L sequence ln65 and 

its diastereomer ln69 were strongly α-helical as established by Circular Dichroism (CD) and X-

ray crystallography, showing that in this case lowered hemolysis was not related to a reduced α-

helical folding. Intrigued by this observation, we set out to prepare and test the stereorandomized 

version sr-ln65 as well as multiple diastereomers of ln65 in search for analogs with possibly 

improved activity and/or reduced toxicity. Systematic studies of multiple diastereomers have 

shown significant activity modulations in the case of short, non-helical arginine-tryptophan 

containing AMPs.170–172 

 

Results and Discussion 
 

Enantiomeric and stereorandomized sequences 

We first investigated dln65 and dln69, the enantiomers of ln65 and its diastereomer ln69, to 

check that they displayed similar activities as expected for enantiomeric membrane disruptive 

AMPs (Table S2.1). CD spectra of dln65 and dln69 in aqueous phosphate buffer in the presence 

of either 5 mM dodecylphosphocholine (DPC) micelles mimicking a membrane environment,173 

or 20% trifluoroethanol (TFE) as folding inducer,174,175 were mirror-images from those of the L-

enantiomers and confirmed their α-helical folding (Figure 12a/b). The enantiomeric pair 
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ln65/dln65 gave essentially the same minimal inhibitory concentrations (MICs) values against 

the five bacterial species used in this study (Pseudomonas aeruginosa, Klebsiella pneumoniae, 

Acinetobacter baumannii, Escherichia coli and methicillin resistant Staphylococcus aureus), as 

well as the same minimum hemolysis concentration (MHC) on human red blood cells indicating 

significant hemolysis (125 µg/mL, Table 2, Figure S2.1 and Table S2.2). In line with these 

activities, the membrane disruptive effects of both enantiomers on fluorescein loaded vesicles176 

made of the anionic egg yolk phosphatidyl glycerol (EYPG) mimicking bacterial membranes as 

well as on vesicle made of zwitterionic egg yolk phosphatidyl choline (EYPC) mimicking 

eukaryotic membranes was comparably strong (Table 2, columns 8 and 9 and Figure S2.2). The 

similar behavior of ln65 and its enantiomer dln65 was consistent with membrane disruption as 

the primary mechanism of action for these α-helical AMPs. On the other hand, despite the mirror 

image CD-spectra and comparable vesicle leakage activities of ln69 and dln69, dln69 was 4-

fold more antibacterial and hemolytic than ln69, which might reflect an additional activity of 

dln69 unrelated to its membrane activity.  

To further probe if α-helical folding was required for activity, we prepared the fully 

stereorandomized sequence sr-ln65, a racemic mixture of the 1024 possible diastereomers, as 

well as sr-ln65L6 with pure L-leucine at position 6 of the sequence, containing all 1024 

diastereomers with single chirality at position 6 such as to make a possible folding detectable by 

CD. Remarkably, both sr-ln65 and sr-ln65L6 were as antibacterial as ln65 but much less 

hemolytic, an effect comparable to our previous observation with AMPDs and sr-AMDPs 

suggesting that the antibacterial bioactive conformation of ln65 might be disordered while the 

hemolytic bioactive conformation would be α-helical.161,162 However, while CD spectra of sr-

ln65 were nearly flat as expected because the stereorandomized sequence is racemic, those of 

sr-ln65L6 showed approximately 17% α-helix content in 5 mM DPC or with TFE, suggesting 

that a significant fraction of the 1024 possible diastereomers of ln65 might be α-helical (Figure 

12c). Therefore, the activity of sr-ln65 might also be explained by the presence of some highly 

active and α-helical diastereomers, such as ln69, mixed with inactive and possibly disordered 

diastereomers.   
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Figure 12: Determination of secondary structure by CD of ln65, dln65, ln69, dln69, sr-ln65, sr-ln65L6, HP5, HP7 

and HP9. CD spectra in phosphate buffer at pH 7.4 with 10 and 20% v/v 2,2,2-trifluoroethanol and with 5 mM 

DPC of (a) ln65 (full lines) and dln65 (dashed lines), (b) ln69 (full lines) and dln69 (dashed lines), (c) sr-ln65 (full 

lines) and sr-ln65L6 (dashed lines), (d) HP5, (e) HP7 and (f) HP9. 

 

 

Diastereomers and mutants of ln65 

In view of these preliminary experiments, we set out to test a series of diastereomers of ln65 for 

their α-helicity, antibacterial and hemolytic effects. From the 1024 possible diastereomers, 11 

(0.1%) sequences are possible with a single inverted chirality residue, 55 (5.4%) with two, 165 

(16.1%) with three, 330 (32.2%, including ln69) with four, and 462 (45.1%) with five inverted 

chirality residues. Balancing our interest to investigate diastereomers with multiple D-residues 

related to ln69 with the expectation that α-helical folding was more likely to be preserved with 

only a few inverted chirality residues,98,99 we selected 31 diastereomers HP1 – HP31, one (3%) 

with a single D-residue, five (16%) with two D-residues, four (13%) with three D-residues, 

thirteen (42%) with four D-resides, and eight (26%) with five D-residues, distributing D-

residues in groups or scattered, at N- or C-termini, or in the middle of the sequence (Table 2).   
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Table 2: Activity of linear AMPs. 

Cpd. Sequencea) α-helix 

content 

E
. 
co

li
 

W
3

1
1

0
 

P
. 
a

er
u

g
in

o
sa

 

P
A

O
1

 

A
. 
b

a
u

m
a

n
n

ii
 

A
T

C
C

1
9

6
0

6
 

K
. 
p

n
eu

m
o

n
ia

e 

N
C

T
C

4
1

8
 

S
. 
a

u
re

u
s 

C
O

L
 

M
R

S
A

 MHCd) EYPG 

Vesicle 

leakage 

EYPC 

Vesicle 

leakage 

  (%)b) MIC (μg/mL)c) (μg/mL) (%)e) (%)e) 

ln65 KKLLKLLKLLL 73 4 2-4 2-4 4 4 125 79 85 

dln65 kkllkllklll 67 2-4 2-4 4 4 2-4 125 82 90 

ln69 kkLLkLLkLLL 61 4 8 2-4 8 16 1000 98 26 

dln69 KKllKllKlll 59 0.5-1 2-4 2 4 2 250 94 24 

sr-ln65 KKLLKLLKLLL 10 4 4 4 16-32 8 1000 90 22 

sr-ln65L6 KKLLKLLKLLL 17 4 8 8 16-32 16 2000 91 12 

Diastereomers of ln65 

HP1 KkLLKLLKLLL 73 2 4 4 4-8 2 < 15.6 73 87 

HP2 kkLLKLLKLLL 69 4 4 4 2-4 4 < 15.6 70 87 

HP3 KkLLkLLKLLL 69 2 4 2 8 2-4 < 15.6 90 55 

HP4 KkLlKLLKLLL 46 2-4 2-4 2-4 2 2-4 < 15.6 74 83 

HP5 kKLLKLLKLLl 90 0.5 2 0.5 2 2 62.5 64 39 

HP6 KKLLKllKLLL 29 2 8 4 64 16 500 90 9 

HP7 kkLLKLLKLLl 60 0.5 2 0.5 4 2 125 90 28 

HP8 KkllKLLKLLL 37 2 4 2-4 4 4 < 15.6 91 63 

HP9 KKLLkllKLLL 10 8 64 > 64 > 64 > 64 31.3 59 5 

HP10 kkLLkLLKLLL 90 2 4 2 4 2 < 15.6 82 54 

HP11 KkllKLlKLLL 52 2 2-4 2 4-8 2 62.5 94 43 

HP12 KkllKlLKLLL 17 2-4 4-8 8 8-16 4 250 97 34 

HP13 KKLLkllkLLL 9 4-8 16-32 16-32 > 64 > 64 1000 42 8 

HP14 KKllKllKLLL 13 2 8 4-8 > 64 16-32 1000 95 10 

HP15 KKlLkLlKlLL 6 8 16 32-64 > 64 > 64 > 2000 34 3 

HP16 KKLlkLLklLL 8 4 32 32-64 8-16 > 64 125 50 2 

HP17 KklLKLLKllL 16 8 16 32 32-64 32-64 1000 20 12 

HP18 kkLLKLLKLll 63 4-8 8 8 > 64 16-32 1000 61 11 

HP19 kkLLkLLKLLl 55 2-4 8 4 16 8 1000 95 9 

HP20 KKllKLLklLL 15 8 16 32-64 > 64 > 64 1000 58 12 

HP21 KklLKlLKlLL 11 4 8 32 16-32 16-32 > 2000 44 5 

HP22 KKllKLlKLlL 23 2 8 8 > 64 16 > 2000 76 5 

HP23 KKLlkLLkLLl 10 2 4-8 > 64 > 64 32 > 2000 51 10 

HP24 KkllKllKLLL 7 4-8 16 8 > 64 32 250 81 13 

HP25 KKllKllKlLL 12 8-16 8-16 32 > 64 > 64 > 2000 70 4 

HP26 kkLLkLLKLll 41 4 4 16 > 64 32 > 2000 68 6 

HP27 kkLLkLLkLLl 23 4 8 32 > 64 32 > 2000 31 5 

HP28 kKLLkllKLLl 10 2-4 4 64 > 64 32 1000 29 3 

HP29 KKLlkllkLLL 7 2 4 8 64 32 250 53 6 

HP30 KkLlKlLkLlL 7 8 8-16 32 > 64 64 > 2000 11 10 

HP31 kKlLkLlKlLl 5 8 8 32 > 64 32 > 2000 22 9 

Lys → Arg and Leu → Ile analogs of ln65/ln69 and dimers 

HP32 RRLLRLLRLLL 62 4-8 8-16 4 4-8 4-8 15.6 30 99 

HP33 rrLLrLLrLLL 63 4-8 4-8 4 4-8 2-4 125 85 56 

HP34 KKIIKIIKIII 68 32 > 64 8-16 > 64 > 64 62.5 95 10 

HP35 kkIIkIIkIII 22 4 16 8 > 64 > 64 125 98 13 

HP36 RRIIRIIRIII 60 16 64 8-16 16 16-32 62.5 99 39 

HP37 rrIIrIIrIII 50 8 4-8 8-16 32-64 8-16 250 98 8 

2ln65 (KKLLKLLKLLL)2 91 > 64 > 64 > 64 > 64 > 64 < 15.6 73 40 

2ln69 (kkLLkLLkLLL)2 82 > 64 > 64 > 64 > 64 > 64 < 15.6 71 74 

a) One letter for amino acids. D- amino acid are in lower case and bold and stereorandomized residues (ratio 1:1 of L and D) are 
underlined. b) Values are corresponding to data recorded by circular dichroism for the condition 5mM DPC in 7 mM PB buffer 
pH 7.4. Percentage of α-helix content were extracted from using Dichroweb177 (Contin LL method, set 4178).c) Minimum 
Inhibitory Concentrations (MIC) were determined after incubation in Mueller-Hinton (MH) broth pH 7.4 for 16-20 h at 37 °C. 
Values represent two independent duplicates MIC determinations. d) Minimum Hemolytic Concentration (MHC) measured on 
human red blood cells in PBS (pH 7.4) after 4 h incubation at room temperature. e) Lipid vesicles made of EYPG or EYPC were 

suspended in buffer (10 mM TRIS, 107 mM NaCl, pH 7.4). After 45 s, the indicated compound was added at desired 
concentration and after 240 s, 30 μL of Triton X-100 1.2% was added for full fluorescein release. The percentage leakage 
observed with 10 μg/mL of compound is given. See Supporting Information for full curves. 
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Many of these diastereomers showed substantial α-helical folding in their CD spectra 

recorded in 5 mM DPC (Table 2, Figure 12d-f, Figure S2.1 and Table S2.2). The average α-

helicity decreased with increasing D-residues from 73% for ln65 and HP1 (zero and one D-

residues), to 61±24% for HP2 – HP6 (two D-residues), 49±34% for HP7 – HP10 (three D-

residues), 23±20% for HP11 – HP23 (four D-residues) and 14±12% for HP24 – HP31 (five D-

residues). Assuming that these average α-helicity values were representative of the average 

across all ln65 diastereomers with the corresponding number of D-residues gave a predicted 

weighted average α-helicity of 26% for sr-ln65L6, slightly above the measured 17%.    

Diastereomers with one, two or three D-residues (HP1 – HP10) generally showed 

activities comparable to the full L peptide ln65 against the five bacterial strains (MIC = 0.5 – 8 

µg/mL) but were slightly more hemolytic (MHC = 15.6 – 62.5 µg/mL) than ln65. Notable 

exceptions were HP6, which was less active than ln65 against K. pneumoniae (MIC = 64 µg/mL) 

and MRSA (MIC = 16 µg/mL) and less hemolytic (MHC = 500 µg/mL), and HP9, which had 

much weaker antibacterial effects than ln65 (MIC = 8 – >64 µg/mL) but was quite hemolytic 

(MHC = 31.3 µg/mL). HP6 and HP9 both had a relatively low α-helicity (29% and 10%). On 

the other hand, HP5 (2 D-residues) and HP7 (3 D-residues) stood out in this series as particular 

antibacterial (MIC = 0.5 – 4 µg/mL) although somewhat hemolytic (MHC = 62.5 – 125 µg/mL). 

Both peptides completely killed bacteria within one hour in the time-kill assay as expected for 

membrane disruptive compounds (Figure S2.3). Furthermore, EYPG vesicle leakage activities 

of HP5 and HP7 were strong in line with antibacterial effects. Except for the non-helical but 

hemolytic HP9, EYPC vesicle leakage activities varied in line with hemolysis, consistent with 

a membrane disruptive activity.     

Diastereomers with four and five D-residues (HP11 – HP31) were generally less active 

against bacteria, especially against A. baumannii, K. pneumoniae and MRSA, although they all 

kept significant EYPG vesicle leakage activities, reflecting the fact that vesicle leakage activity 

is often not sufficient for antibacterial effects to occur due to the much more complex nature of 

bacteria compared to lipid vesicles. Furthermore, these diastereomers mostly lost their hemolytic 

activity in proportion to their low EYPC vesicle leakage activities, except for HP16, HP24 and 

HP29, which, like HP9, showed significant hemolysis despite of being non-helical and inactive 

on EYPC vesicles. The least active peptides were HP13 with four D-residues and HP25 with 

five D-residues. Both peptides retained some activity against E. coli, P. aeruginosa and A. 

baumannii (MIC = 4 – 32 µg/mL) but were inactive against K. pneumoniae and MRSA, were 

non-hemolytic, and were not α-helical (7 and 11% in 5 mM DPC). Gratifyingly, one peptide 
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with four D-residues, HP19, was as strongly antibacterial and low hemolytic as the previously 

identified ln69 with four D-residues. Another peptide with four D-residues, HP11 (MIC = 2-8 

µg/mL), was even slightly more antibacterial than ln69, although slightly more hemolytic (MHC 

= 62.5 µg/mL). HP11 and HP19 were among the most α-helical in this set (52 – 55% in 5 mM 

DPC) although not as much as ln69 (61%).  

To compare the effects of diastereomeric changes with more classical sequence 

variations, we performed conservative mutations in ln65 and ln69 by mutating all lysines to 

arginines, all leucines to isoleucines, or both, preserving their chirality pattern. In this series, the 

Lys→Arg exchanges (ln65→HP32 and ln69→HP33) preserved α-helicity, antibacterial 

activity and EYPG vesicle leakage, but increased hemolysis and EYPC vesicle leakage, which 

might be related to the better cell-penetrating properties of poly-arginines versus poly-lysines 

attributed to stronger binding to phospholipids.179  On the other hand, Leu→Ile exchanges 

(ln65→HP34, ln69→HP35, HP32→HP36, HP33→HP37) led to reduced antibacterial effects 

and in part lower hemolysis, accompanied by slighted lower α-helicity as expected since Leu 

stabilizes and Ile destabilizes α-helices.180 Surprisingly, dimerization of ln65 to 2ln65 and ln69 

to 2ln69 gave peptides that were strongly α-helical and hemolytic but entirely inactive against 

bacteria. Vesicle leakage activities were generally high for EYPG vesicles and partially followed 

hemolysis trends for EYPC.  

Taken together, these experiments showed that diastereomers of ln65 featured new 

analogs with interesting activity profiles, while other simple modifications such as Lys→Arg, 

Leu→Ile mutations or dimerization were not as profitable. For further evaluation, we selected 

the most strongly antibacterial diastereomeric AMPs irrespective of their hemolytic properties, 

namely ln65, ln69, dln69, and all diastereomers HP1 – HP11 except HP6 and HP9. These 

AMPs showed good activities (MIC = 2-8 µg/mL) against additional Gram-negative and Gram-

positive bacteria including several drug resistant P. aeruginosa variants,181 although none of 

them were active against Burkholderia cenocepacia, a Gram-negative bacterium which is 

naturally resistant to antimicrobial peptides like colicin (Table 3).182 Furthermore, most 

diastereomers were much more stable against serum degradation than the full L-sequence ln65 

(Figure 13a). Interestingly, inverting the chirality of only the N- and C-terminus (ln65 → HP5) 

was sufficient to entirely stabilize the peptide in line with the non-recognition of D-amino acids 

by proteases preventing the proteolysis from peptide extremities. On the other hand, dln69 with 

7 D-leucine residues was entirely degraded due to proteolytic scission at the N-terminal L-lysine 

residue presumably from trypsin-like proteases (Figure S2.4).  
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Table 3. Antimicrobial activity of diastereomeric AMPs. 
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ln65 2-4 4 32 32 4 4 2 2 2 > 64 2 2 

ln69 2 4 16 32 2 8 4 4 2 > 64 4 8 

dln69 1 2 8 16 4 8 8 4 2 > 64 4 1 

HP1 2 4 32 64 2 4 8 2 4 > 64 2 2 

HP2 2 4 32 64 2 4 2 2 2 > 64 2 2 

HP3 4 8 32 32 2 8 4 4 4 > 64 4 2 

HP4 2 4 32 64 2 4 2 2 2 > 64 2 2 

HP5 2 4 16 32 2 4 2 2 2 > 64 2 2 

HP7 2 4 16 16 1 4 4 2 2 > 64 2 4 

HP8 2 4 16 32 2 8 4 4 2 > 64 4 4 

HP10 2 4 16 32 2 4 2 2 2 > 64 2 2 

HP11 1 2 8 16 2 8 4 4 4 > 64 4 2 

Pol B < 0.125 0.25 1 1 < 0.125 2 2 1 0.5 > 16 - - 

Vancomycin - - - - - - - - - - 0.5 0.5 
a) Gram-negative strains. b) Strains carrying spontaneous mutations in the indicated genes, all leading to polymyxin 
B resistance. c) MDR strains. d) Gram-positive strains. e) Minimum Inhibitory Concentrations (MIC) were 

determined after incubation in Mueller-Hinton (MH) broth pH 7.4 for 16-20 h at 37 °C. Values represent two 

independent duplicate MIC determinations.  

While most of these strongly antibacterial diastereomers were equally or more hemolytic 

than the full L-sequence ln65, they showed reduced cytotoxicity against human embryonic 

kidney HEK293 cells (Figure 13b). Diastereomer HP7, which was the most active AMP against 

bacteria, showed the lowest toxicity in the series (IC50 = 128±5 µM). Furthermore, diastereomers 

were generally toxic against A549 lung cancer cells, with HP11 showing the strongest toxicity 

(IC50 = 3.6±0.1 µM), in line with the fact that many AMPs are often active against cancer cells 

(Figure S2.5 and S2.6).183,184 The observed differences between diastereomers in hemolysis, 

toxicity against HEK293 cells or A549 lung cancer cells, are probably caused by diastereomeric 

interactions with the different membrane components of the different cell types and possibly 

proteins in the cell culture medium.185  

X-ray crystallography 

To establish whether the CD signal observed with diastereomeric AMPs was indeed 

caused by α-helical folding, we prepared derivatives with their N-termini acylated with an α-C-

fucosylacetyl group for crystallization as complexes with lectin LecB,186 an approach which we 

have successfully used for oligonucleotides,187 cyclic,95 bicyclic96 and linear peptides,94 as well 

as for peptide dendrimers.97,188 We considered the nine most potent diastereomers detailed 

above, the Lys→Arg mutants HP32 and HP33, and the inactive, alternating chirality 

diastereomers HP30 and HP31. Crystallization screening provided good diffracting LecB 

crystals with well resolved ligand electron density for complexes with the fucosylated analogs 
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Figure 13: (a) Percentage of undegraded peptide after 24 h incubation in 12.5% human serum in TRIS buffer pH 

7.4 at 37 °C. Data is presented in mean ± SD, n= 3. See supporting information for full curves. (b) Toxicity on 
HEK293 and A549 cells represented as the IC50 measured by Alamar blue assay after 24 h treatments with 

concentrations of peptide ranging from 0 to 200 μM. Data are presented as the mean ± SD, n = 3. See Supporting 

Information for all data and procedure. 

 

Table 3. X-ray crystallography of mixed-chirality AMPs. 

Cpd. Sequencea) Conditions Composition PDB ID 

FHP5 (*)kKLLKLLKLLl Crystal Screen G7 0.1 M HEPES pH 7.5, 20% v/v Jeffamine ® 

M-600 ®  

8AN9 

FHP8 (*)KkllKLLKLLL Index Screen D8 0.1 M HEPES pH 7.5, 25% w/v 
polyethylene glycol 3,350 

8ANO 

FHP30 (*)KkLlKlLkLlL Index Screen H4 0.2 M Ammonium citrate tribasic pH 7.0, 

20% w/v polyethylene glycol 3,350 

8ANR 

FHP31 (*)kKlLkLlKlLl Index Screen G8 0.2 M Ammonium acetate, 0.1 M HEPES 

pH 7.5, 25% w/v polyethylene glycol 3,350 

8AOO 

a) One letter code for amino acids. * = α-L-fucosyl-acetyl. Many high quality LecB crystals were also obtained in 

complex with fucosylated ln65R and ln69r, however in these two cases electron density only revealed the L-fucose 

and the adjacent two arginine residues.  

FHP5, FHP8, FHP30 and FHP31 (Table 3). 

In the X-ray crystal structure of the fucosylated HP5 in complex with LecB, the 

undecapeptide was visible in full α-helical conformation in two of the four different fucose 

binding sites present in the asymmetric unit, while the other two fucose binding sites only 

showed electron density for the fucosyl group, probably due to a disordered conformation (PDB 

8AN9, 1.3 Å resolution, Figure 14a, Table S2.3 and Figure S2.7). The two α-helices in the well-

resolved binding sites are superimposable and interact through intermolecular hydrophobic 

interactions between leucine side chains (Figure 14b). We observed a similar situation for the 
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structure of fucosylated HP8 in complex with LecB (PDB 8ANO, 1.3 Å resolution, Figure 14c/d, 

Table S2.4 and Figure S2.8). Both structures were very similar to the previously reported 

structure of fucosylated dln69 with LecB.96 

 Although the inactive undecapeptides HP30 and HP31 with alternating L- and D-

residues in their sequences had almost the same number of L- and D-residues, their flat CD 

spectra most likely indicated a disordered conformation considering that an excess of just one 

chiral residue was sufficient to indicate folding with sr-ln65L6. Indeed, the structure containing 

two asymmetric units of the LecB complex with fucosylated HP30 showed two different 

undefined structures, one forming a four members bundle maintained by H-bonds and 

hydrophobic interaction between the four symmetric peptide and the other one forming H-bonds 

with LecB (PDB 8ANR, 1.6 Å resolution, Figure 14e/f, Table S2.5 and Figure S2.9). A similar 

situation was observed in the LecB complex with fucosylated HP31 containing four different 

asymmetric units. In this case, only two of them were completely resolved and showed 

unordered conformations interacting with LecB via H-bonds but also with symmetrical peptides 

(PDB 8AOO, 1.2 Å resolution, Table S2.6 and Figure S2.10). 

Molecular Dynamics 

 

To further investigate the α-helical folding of our diastereomers, we performed Molecular 

Dynamics (MD) simulations over 250 ns using GROMACS189 starting from a pre-folded α-

helical structure in water with or without a DPC micelle. For active diastereomers such as HP5 

in the presence of DPC micelles, the peptide first entered in contact with the micelle surface by 

salt bridges between lysine side chain -ammonium groups and phosphate groups of DPC, and 

later remained in an α-helical conformation at the micelle surface (Figure 15a/b). The peptide 

did not deviate significantly from the starting α-helical conformation (Figure 15d) and retained 

the full set of backbone H-bonds (Figure 15e).   

In water by contrast, the α-helix of HP5 completely and irreversibly unfolded to an 

unordered conformation (Figure 15c). This unordered conformation strongly differed from the 

starting α-helix (Figure 15a) with complete loss of backbone H-bonds (Figure 15b). Similar 

results were obtained for the other active compounds (HP1, HP2, HP3, HP4, HP7, HP8, HP10 

and HP11, Figure S2.11 to S2.19). For the inactive, non-helical diastereomers HP16 and HP29 

by contrast, the starting α-helical conformation rapidly unfolded to an unordered conformation 

with complete loss of backbone H-bonds even in the presence of the DPC micelle (Figures S2.20 

and S2.21).  
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Figure 14: X-ray crystallography of mixed-chirality AMPs. (a) X-ray crystal structure of the FHP5.LecB complex 

(PDB 8AN9, chain E). Left panel: Peptide is represented in stick, Ca2+ atoms in magenta spheres and LecB in green 

cartoon. Blue mesh represents electron density (0.5σ level). Right panel: Stick model of the FHP5 crystal structure, 

lysine side chains shown in blue and leucine side chains shown in red. (b) Superposition of the 2 complete non-

equivalent peptides in the unit cell of PDB 8AN9. Fucose is omitted for more clarity. (c) Same as (a) for X-ray 

structure of the FHP8.LecB complex (PDB 8ANO, chain H). Electron density are shown for a 0.7σ level. (d) Same 

as (b) for the two complete non-equivalent peptides in the unit cell of PDB 8ANO. (e) X-ray structures of the two 

different asymmetric peptides in FHP30·LecB complex (PDB 8ANR). Same color code as in (a). Electron densities 

are shown for a 1.0σ level. (f) Left panel: H-bonds between two symmetrical FHP30 chains. Right panel: full 

bundle of four symmetrical FHP30 chains. Lectins monomers and calcium atoms were omitted for clarity in right 

panel. Same color code as in (a).  
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Figure 15: MD simulations of HP5 with and without DPC micelle. (a) Average structure (stick model) in presence 

of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains are colored 
in red and cationic side chains are colored in blue. DPC micelle was omitted for clarity. (b) Last frame of the 250 

ns run with DPC micelle. Peptide backbone is in gray cartoon, cationic side chains are colored in blue, hydrophobic 

side chains are colored in red and DPC molecules are represented in spheres. (c) Same as (a) for run in water. (d) 

Comparison of root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix 

built in PyMol between run with DPC and run in water. (e) Comparison of the number of intramolecular backbone 

hydrogen bonds between run with DPC and run in water.  

 

Statistical analysis 

In view of the structural studies above showing in several cases that the degree of α-helicity of 

ln65 diastereomers as measured by CD corresponded to an observable α-helix or structural 

disorder, we assumed that the CD-signal could be used as indication of folding across the entire 

series. Strikingly, increasing α-helicity (% in 5 mM DPC) was linearly correlated with increasing 

antibacterial activity measured as log2(MIC) against K. pneumoniae (r2 = 0.57), A. baumannii 

(r2 = 0.59) and MRSA (r2 = 0.62), but to a lesser extent with activity against P. aeruginosa (r2 

= 0.41) and with hemolysis (r2 = 0.37), and only quite poorly with activity against E. coli (r2 = 

0.29) against which most diastereomers were active (Figure 16a/b and Figure S2.22).  

To gain an overview of the series, we performed principal component analysis of the 

complete dataset of antimicrobial activity, hemolysis and folding under the different conditions 
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Figure 16: Statistical analysis of dataset measured on ln65 derivatives. (a) Scatter plot of % helicity in 5 mM DPC 

against log2(MIC) for A. baumannii ATCC19606. (b) Same as (a) for log2(MHC). (c) Loadings analysis of principal 

components 1 and 2. α = α-helix, β = β-sheet, t = turn, u = unordered. Visualization of the (PC1, PC2) plane. Each 

point represents one compound and is colour coded depending on (d) activity on A. baumannii and (e) hemolytic 

activity. 

measured. The first principal component PC1 covered 64 % of data variance and reflected the 

variation of antimicrobial activities, hemolysis and vesicle leakage activities with α-helicity 

measured in any of the four conditions (Figure 16c). The second principal component PC2 

covered another 10% of data variance and reflected a modulation of antimicrobial activities with 

α-helicity and EYPG vesicle leakage independent of hemolysis and EYPC vesicle leakage. The 

distribution of the diastereomers on the (PC1, PC2) plane separated active from inactive 

compounds from right to left and separated the two most active diastereomers identified, HP5 

and HP7, from the majority of tested diastereomers (Figure 16d/e and Figure S2.23). Both 
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optimized AMPs stood out by their increased antimicrobial activity, which was particularly 

strong against A. baumannii, while keeping a moderate level of hemolysis, and reduced toxicity 

against HEK293 cells. 

 

Conclusion 
 

The above experiments with diastereomers of undecapeptide ln65 supported by X-ray 

crystallography show that this α-helical AMP preserves folding and activity across many of its 

diastereomers. In contrast to previous studies of diastereomers focused on cases with reduction 

in toxicity and preservation of antibacterial effects, our study across a broad set of diastereomers 

shows that introducing D-residues in an α-helical AMP can affect antibacterial effects at least 

as much as toxicity as measured by hemolysis. Although these activities were correlated, 

sufficient variability was available to identify two diastereomers with improved properties, HP5 

and HP7, as two AMPs with increased antibacterial effects compared to the full L-AMP ln65, 

and moderate hemolysis and reduced toxicity against HEK293 cells.  

In the present study, the preservation of folding and activity across many diastereomers 

of ln65 was anticipated by characterizing its stereorandomized version sr-ln65L6, which showed 

only modest reduction in antibacterial effects and significant α-helicity. Identifying active 

diastereomers might be more difficult for other α-helical AMPs if they lose their activity in 

stereorandomized form as reported for DJK-5 (vqwrairvrvir) and SB1 

(KYKKALKKLAKLL).161 Testing the stereorandomized sequence might therefore be the first 

step to address diastereomeric optimization of other AMPs. 
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2.3 Mixed-chirality design of existing α-helical AMPs 
 

Abstract 
 

The major issues encountered in common development of membrane-disruptive α-helical 

amphiphilic AMPs are the lack of selectivity between bacterial and eukaryotic cells and the poor 

stability against proteolysis. L- to D- amino acid substitutions have been reported to minimize 

cell toxicity and drastically reduce degradation by proteases while still killing bacterial strains, 

but usually induce secondary structure disruption. Following our recently reported diastereomers 

of ln65 sequence KKLLKLLKLLL, we used the chirality pattern of ln69 (kkLLkLLkLLL), 

found to preserve α-helical conformation in this peptide, to modify other α-helical linear AMPs, 

aiming to test whether the chirality inversion pattern of ln69 might preserve their conformational 

integrity and optimize their biological properties. These stereochemical modifications led to 

reduced toxicity on red blood cells but also to a loss of antibacterial activity and helicity. These 

results suggests that diastereomeric optimization of existing α-helical peptides is dependent to 

the amino acid sequence and therefore need complete investigations for each different AMP.  

  



47 

 

Introduction 

 
Considering the raising of antimicrobial resistance and the exponential number of death cases 

related to multi-drug resistant strains, the development of new antibiotics is needed.190–192 

During the last years, membrane-disruptive antimicrobial peptides (AMPs) gained high interest 

due to low induction of resistance.130,131 However, AMPs are susceptible to degradation by 

proteases and usually present poor selectivity between bacterial and eukaryotic cells. 

Optimization of  these biological properties can be conducted by changing peptide 

stereochemistry.65,136–138 In the case of small α-helical amphiphilic AMPs, modifying the 

chirality of some residues typically results in the disappearance of folding capacity on membrane 

surface. However, these mixed-chirality peptides sometimes preserve their antimicrobial 

activity, probably because they destabilize the bacterial membrane by a carpet mechanism but 

cannot form pores, a mechanisms requiring folding and associated with toxicity on mammalian 

cells.119,137,155 Therefore, mixed-chirality appears to improve selectivity of the modified peptides 

for targeting bacteria. Nevertheless, no general rules on D- amino acids insertions have been 

found to systematically improve AMPs properties. 

On the other hand, our recent optimization of bicyclic peptides showed that L- to D- 

amino acids switches can be tolerated by α-helical structure in the mixed-chirality AMP ln69, 

for which secondary structure was supported by X-ray crystallography.96  Following this 

observation, we explored stereochemical space of that particular sequence by testing 31 

diastereomers revealing mandatory helicity to act as antimicrobial.193  In order to apply one 

specific stereochemical pattern to other linear α-helical AMPs, we chose ln69 pattern which 

presented the best ratio between antimicrobial potency and reduced hemolysis. We used this 

pattern on four different reported α-helical AMPs and determined if these changes preserved 

secondary structure and activity while reducing toxicity. Although hemolytic activity was almost 

completely abolished, the mixed-chirality analogs were not anymore active on different bacterial 

strains and did not show any signal of α-helicity in CD spectra. These results suggest necessity 

of helical structure for these sequences to be active and more generally suppose that 

diastereomeric optimization of α-helical bioactive peptides is highly sequence dependent, 

appealing for a systematic diastereomers sequence exploration. 
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Results and Discussion 

 
Design and synthesis of mixed-chirality analogs of α-helical AMPs based on ln69 chirality 

pattern 

 

We set out to apply the ln69 chirality pattern to other AMPs using two different approaches: (i) 

use the exact same chirality switches at position 1, 2, 5 and 8 in an 11-mer sequence; and (ii) 

invert the chirality of all cationic residues, as is the case in ln69. To begin with, we searched for 

documented peptide sequences that exhibited a wider range of amino acids, since ln69 contains 

only lysines and leucines. We chose two 11-mer AMPs derived from natural compounds for the 

first approach: the amidated C-terminus version of Decoralin, a cationic AMP present in wasp 

venom,194 and W4,8-GGN5, an optimized sequence derived from Gaegurin 5, an antibiotic 

peptide isolated from Asian frog Rana rugosa skin.195,196 to respectively obtain mixed-chirality 

compounds HP38 and HP39. For the second approach, we selected SB1, first reported by 

Hancock et al.197 and structurally determined in our group94 (13 residues, lysines as cationic 

moieties) and the well-characterized D- enantiomeric peptide DJK5164 (12 residues, arginines 

as cationic moieties) to give HP40 and HP41, respectively the analogs of SB1 and DJK5 with 

D- cationic residues (Table 4). 

 All peptides, homochiral and mixed-chirality analogs, were synthesized using high-

temperature synthesis at 60 °C leading to high yields (22-52%, Table 4). Characterization by 

analytical HPLC revealed slight decrease in the retention times between the homochiral parents 

and their mixed-chirality derivatives, a feature observed in almost all ln65 diastereomers193 and 

reported in the literature as the incorporation of D- amino acids reduces molecule’s 

hydrophobicity, presumably resulting from amphiphilic secondary structure disturbance.123,198–

202 However, according to our data on ln65 diastereomers, the decrease in hydrophobicity is not 

sufficient to predict compounds activity. 

Table 4: Synthesis of linear AMPs. 

 

Cpd. Sequencea) SPPS yieldb) MS analysisc) Analytical 

HPLCd) 

  mg (%) calc./obs. tR (min) 

Decoralin-NH2 SLLSLIRKLIT 40.6 (31.1) 1255.84/1255.85 1.85 

HP38 slLSlIRkLIT 39.8 (42.9) 1255.84/1255.85 1.60 

W4,8-GGN5 FLGWLFKWASK 52.8 (49.0) 1381.77/1381.78 1.65 

HP39 flGWlFKwASK 55.6 (51.6) 1381.77/1381.78 1.63 

SB1 KYKKALKKLAKLL 87.6 (44.7) 1544.07/1544.07 1.35 

HP40 kYkkALkkLAkLL 78.0 (39.8) 1544.07/1544.07 1.27 

DJK5 vqwrairvrvir 47.3 (21.8) 1550.98/1550.98 1.33 

HP41 VQWrAIrVrVIr 64.3 (36.4) 1550.98/1550.98 1.26 
a) One letter code for amino acid. D- amino acids in lower case. All C-termini are carboxamide. b) Yields given for 

RP-HPLC purified products. c) High-resolution electrospray ionization mass spectrometry (positive mode), the   
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calculated monoisotopic mass and the observed mass are given. d) Retention time in analytical RP-HPLC (A/D = 

100/0 to 0/100 in 3.5 min, λ = 214 nm). 

 

D-amino acids insertions led to secondary structure disruption and loss of bioactivity 

 

We first investigated whether the α-helical conformation was conserved in the mixed-chirality 

analogs. We used circular dichroism (CD) to experimentally determined secondary structure in 

phosphate buffer at physiological pH (7.4) in presence of 10 or 20% trifluoroethanol (TFE) 

known to promote secondary structure folding203–205 and in 5 mM dodecylphosphocholine 

(DPC) mimicking a membrane-like environment206 (Table 5, Figures 17 and S3.1 and Table 

S3.1). As reported, all homochiral peptides showed α-helicity signal both in presence of 20% 

TFE or DPC whereas they were completely unfolded in aqueous environment (Figures 17 and 

S3.1). α-Helices formed by the 11 residues peptides Decoralin-NH2 and W4,8-GGN5 were 

completely disrupted in their mixed-chirality counterparts HP38 and HP39 with respective 

reduction of 58 and 49% α-helical content in 5 mM DPC (Figure 17a/b, Table 5). The same 

phenomenon was observed for the D- cationic residues containing peptides HP40 and HP41 

with 71 and 22% α-helicity reduction in membrane-like environment (Figure 17c/d, Table 5). In 

all cases, the loss of secondary structure also occurred in 20% TFE (17-60% reduction, Figure 

S3.1 and Table S3.1) indicating high disturbance of our modifications on peptide’s folding 

ability. 

 

Table 5: Activity of homochiral and mixed-chirality AMPs. 
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MHCe) 

EYPG 

Vesicle 

leakage 

EYPC 

vesicle 

leakage 

  (%)b) MIC (μg/mL)c) (μg/mL) (%)e) (%)e) 

Decoralin-NH2 SLLSLIRKLIT 84 8 16 4 8 4 62.5 96 75 

HP38 slLSlIRkLIT 26 32 64 64 > 64 32 1000 31 3 

W4,8-GGN5 FLGWLFKWASK 77 8 8-16 8 8 2-4 31.3 26 38 

HP39 flGWlFKwASK 28 32 64 64 > 64 32 1000 32 5 

SB1 KYKKALKKAKLL 78 0.5 1 1 64 > 64 > 2000 85 24 

HP40 kYkkALkkAkLL 7 > 64 > 64 > 64 > 64 > 64 > 2000 51 1 

DJK5 vqwrairvrvir 29 2 4 4 4 2 125 88 1 

HP41 VQWrAIrVrVIr 7 > 64 > 64 > 64 > 64 > 64 > 2000 21 1 
a) One letter for amino acids. D- amino acid are in lower case. b) Values are corresponding to data recorded by 

circular dichroism for the condition 5mM DPC in 7 mM PB buffer pH 7.4. Percentage of α-helix content were 

extracted from using Dichroweb177 (Contin LL method, set 4178).c) Minimum Inhibitory Concentrations (MIC) were 

determined after incubation in Mueller-Hinton (MH) broth pH 7.4 for 16-20 h at 37 °C. Values represent two 

independent duplicates MIC determinations. d) Minimum Hemolytic Concentration (MHC) measured on human red 

blood cells in PBS (pH 7.4) after 4 h incubation at room temperature. e) Lipid vesicles made of EYPG or EYPC 

were suspended in buffer (10 mM TRIS, 107 mM NaCl, pH 7.4). After 45 s, the indicated compound was added at 

desired concentration and after 240 s, 30 μL of Triton X-100 1.2% was added for full fluorescein release. The 

percentage leakage observed with 10 μg/mL of compound at 220 s is given. See Supporting Information for full 

curves. 
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Figure 17: CD spectra measured with 0.1 mg/mL peptide concentration in phosphate buffer pH 7.4 with and 

without 5 mM DPC of (a) Decoralin-NH2 (full lines) and HP38 (dashed lines), (b) W4,8-GGN5 (full lines) and 

HP39 (dashed lines), (c) SB1 (full lines) and HP40 (dashed lines) and (d) DJK5 (full lines) and HP41 (dashed 

lines). 

 
 

We then tested our compounds on different bacterial strains as sometimes preserved 

antibacterial activity was reported in case of unfolded mixed-chirality peptides.118,120,123 We  

conducted antimicrobial assay on four Gram-negative pathogens (E. coli W3110, P. aeruginosa 

PAO1, A. baumannii ATCC19606 and K. pneumoniae NCTC418) and the Gram-positive 

methicillin-resistant S. aureus (MRSA). All homochiral peptides showed similar antimicrobial 

activities as the ones reported in original papers (Table 5).94,164,194,195 HP38 and HP39 were 3 to 

4-fold less active than their parent all-L sequences for all the tested strains, suggesting a 

mandatory folding to interact with bacterial membrane. Loss of activity was even more 

pronounced for HP40 and HP41 which were completely inactive (MIC > 64 μg/mL) against all 

strains, in line with the stronger α-helicity reduction observed by CD spectroscopy. 

We next determined toxicity of our peptides by measuring their activities on human red 

blood cells (hRBCs). Apart from SB1, which was reported non-hemolytic,94 homochiral 

peptides presented hRBCs degradation at low concentrations (< 125 μg/mL, Table 5). As 
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expected, all mixed-chirality sequences were not toxic against hRBCs (> 1000 μg/mL).  

To correlate the absence of activity on bacterial and eukaryotic cells with a disappearance 

of membrane-disruptive effect, we next examined the capacity of our eight peptides to disrupt 

lipidic vesicles encapsulating carboxyfluorescein. We used two lipid types: egg yolk 

phosphatidyl glycerol (EYPG) and phosphatidyl choline (EYPC), mimicking respectively 

bacterial and eukaryotic membranes. (Figures 18 and S3.2). Homochiral peptides Decoralin-

NH2, SB1 and DJK5 exhibited significant EYPG leakage (> 85%) consistent with observed 

antimicrobial properties (Figure 18a, c and d). Surprisingly, W4,8-GGN5 only displayed only 

26% EYPG vesicles lysis, suggesting a slow fluorescein release related to poor membrane 

activity (Figure 18b), consistent with the four hours needed for other analogs to kill bacteria in 

the original study.195 Similar EYPG leakage was observed for its mixed-chirality analog HP39 

in line with low activity observed against E. coli and MRSA.  In all other three cases, fluorescent 

signal was drastically reduced for the sequences containing D- residues (reduction of 34-67%, 

Table 5, Figure 18). Significant fluorescence signal was observed for Decoralin-NH2 and W4,8-

GGN5 for EYPC leakage in line with their hemolytic effect, but surprisingly also for SB1 (24%) 

similar to previous investigations.94 Following the reduction of toxicity observed on hRBCs, 

mixed-chirality peptides exhibited no disruption of EYPC vesicles (< 5%). 
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Figure 18: EYPG (blue) and EYPC (red) vesicle leakage measured at 10 μg/mL peptide concentration of (a) 

Decoralin-NH2 (full thick line) and HP38 (thin dashed line), (b) W4,8-GGN5 (full thick lines) and HP39 (thin 

dashed lines), (c) SB1 (full thick lines) and HP40 (thin dashed lines) and (d) DJK5 (full thick lines) and HP41 

(thin dashed lines). Desired amount of compound was injected after 45 s measurement and 30 μL Triton X-100 was 

added after 240 s for full release of carboxyfluorescein.  

 

 Taking together, these results suggest that chirality modifications made on the four 

different reported α-helical peptides disrupt secondary structures for all sequences, which was 

necessary for biological membrane-disruptive activity.  

 

Conclusion 
 

Application of ln69 chirality pattern on four different helical AMPs induced the loss of α-helical 

conformation and activity against bacterial and red blood cells. These results were strengthened 

by the absence of membrane disruption observed by vesicle leakage assay. First, this suggests 

that finding a general pattern to keep both folding ability and activity might be impossible. This 

suggest that diastereomeric investigations should be conducted for each peptide sequence. In 

addition, and in contrast to previous reports, these observations highlight a strong correlation 

between the helical conformation for antibacterial and more generally membrane-disruptive 

capability.  

Absence of activity observed in mixed-chirality analogs of SB1 and DJK5 correlated 
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with disappearance of antimicrobial properties in their stereorandomized versions sr-SB1 and 

sr-DJK5 in our peptides stereorandomization study.161 In contrast, the diastereomers mixture of 

ln65 showed activity against a broad range of bacterial strains.193 Therefore, these results 

represent further evidence to obtain active stereorandomized peptides prior to start diastereomers 

exploration for homochiral α-helical AMPs. 
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3. Chapter 2: Dipropylamine for 9-

Fluorenylmethylcarbonyl (Fmoc) Deprotection with 

Reduced Aspartimide Formation in Solid-Phase Peptide 

Synthesis 
 

 

This work has already been published and the publication is reproduced hereafter. Authors 

contributions are detailed at the end of the section. 

 

H. Personne,* T. N. Siriwardena,* S. Javor and J.-L. Reymond, Dipropylamine for 9-

Fluorenylmethylcarbonyl (Fmoc) Deprotection with Reduced Aspartimide Formation in Solid-

Phase Peptide Synthesis, ACS Omega, 2023, 8(5), 5050-5056. 

https://doi.org/10.1021/acsomega.2c07861 

 

* These authors contributed equally. 

 

 

Abstract 

 
Herein, we report dipropylamine (DPA) as a fluorenylmethyloxycarbonyl (Fmoc) deprotection 

reagent to strongly reduce aspartimide formation compared to piperidine (PPR) in high-

temperature (60 °C) solid-phase peptide synthesis (SPPS). In contrast to PPR, DPA is readily 

available, inexpensive, low toxicity, and non-stench. DPA also provides good yields in SPPS of 

non-aspartimide-prone peptides and peptide dendrimers. 
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Introduction 
 

SPPS with Fmoc as α-amino protecting group for amino acid building blocks is currently the 

dominant synthesis method for peptide research and manufacturing. The Fmoc protecting group 

is removed by a base which triggers β-elimination of carbamic acid followed by the formation 

of an adduct with the dibenzofulvene (DBF) by-product (Figure 19a) with a nucleophile.207 PPR 

is currently the most widely used Fmoc removal reagent. However, in addition to its toxicity and 

regulation, PPR induces the formation of aspartimide in some aspartic acid containing 

sequences, which can hydrolyze to α- or β-peptides, react again with the nucleophile to form 

peptide-base derivatives or induce an intramolecular formation of the terminating 

diketopiperazine by-product by nucleophilic attack of the deprotected amino group of the next 

amino acid (Figure 19b and c).208–212  

PPR can be replaced by a mixture of piperazine (PZ) as nucleophile and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) as base38 or simply DBU without added nucleophile 

(Figure 19d),213 however DBU is quite expensive and produces a considerable amount of 

aspartimide for aspartimide-prone sequences. One can also add weak acids such as formic acid 

or ethyl cyanohydroxyiminoacetate (Oxyma) to temper the basicity of the PPR solution to reduce 

aspartimide formation214  However, this still does not solve the cost, stench and availability 

issues of PPR. 

Alternative bases215–218 or aspartate side chain protecting groups219–222 have been 

reported to overcome the limitations of PPR or PZ/DBU, however none of them combines low 

cost and convenient use with low aspartimide and good yields. Here we searched for PPR 

alternatives in the context of a high temperature (60 °C) SPPS protocol with Oxyma and N,N′-

diisopropylcarbodiimide (DIC) as coupling reagent15 and N,N-dimethylformamide (DMF) as 

solvent, which in our hands works excellently for a variety of peptides, cyclic peptides, and 

peptide dendrimers.96,161,223,224 We noted that diethylamine (DEA, b.p. 55 °C) has been used for 

Fmoc removal in process scale SPPS.225 We therefore set out to test the less volatile 

dipropylamine (DPA, b.p. 110 °C), which is advantageously cheaper than both DEA and 

dibutylamine (DBA). 
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Figure 19. (a) Mechanism of Fmoc deprotection and trapping of dibenzofulvene. (b) Mechanism of aspartimide 

formation, its hydrolysis to α- or β-peptides and its ring opening by nucleophilic attack to α- or β-peptide-
nucleophile adducts. (c) Mechanism of diketopiperazine by-product formation. (d) Structural formulae of reagents 

used for Fmoc removal. 

 

Results and Discussion 
 

Aspartimide-prone sequences.  

 

Due to the lower basicity of DPA (pKa = 10.9) compared to PPR (pKa = 11.1) we investigated 

whether DPA might solve the issue of aspartimide formation in SPPS of aspartimide-prone 

sequences using the prototypical test case hexapeptide 1 (VKDGYI) and compared it to other 

Fmoc deprotecting reagents.  

Aspartimide formation is catalyzed by relatively strong bases and lowering basicity 

allows to reduce the formation of this side product. For instance, the crude product of 

hexapeptide 1 synthesized using PPR for Fmoc removal contained 17% aspartimide. The results 

were even worse with DBU, which is a stronger base than PPR. In this case purity was only 52% 

due to 25% aspartimide and 23% by-products. Furthermore, using PZ/DBU only gave by-

products (Table 6). 
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Table 6: Screening of deprotection conditions for low aspartimide formation in hexapeptide 1 (VKDGYI). 

a) PPR = Piperidine, PZ = Piperazine, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, DPA = Dipropylamine, DEA = 

Diethylamine, DBA = Dibutylamine. Percentages (%) are in w/v in case of PZ and in v/v otherwise. b) Crude yield 

is calculated as followed: (crude mass / molecular weight of desired peptide) / (mass of resin × resin loading) × % 

of desired product content in crude. c) Product ratio was determined by LC analysis and is given as follow: % desired 

product / % aspartimide / % other by-products. The main by-product observed was diketopiperazine terminating 

sequence (mass 576.3 Da), see HRMS data in Supporting Information. 

 

By contrast, the crude product of hexapeptide 1 synthesized using DPA for Fmoc removal 

was 96% pure and contained only 4% aspartimide as the only detectable by-product. We 

obtained similar SPPS yields with hexapeptide 1 using the secondary aliphatic amines DEA and 

DBA for Fmoc removal, although some by-products were also observed, whereas sterically 

hindered diisobutylamine (DIBA) only gave by-products (Table S4.1). Furthermore, we did not 

detect any trace of the β-peptide of hexapeptide 1, VKD(β)GYI, which can potentially be formed 

by reopening of the aspartimide, upon 1H-NMR analysis in comparison with an independently 

synthesized β-peptide sample (Figure S4.1). Note that aspartimide formation was strongly 

reduced by adding 0.5 M Oxyma or hydroxybenzotriazole (HOBt) as weak acids to PPR (Tables 

6 and S4.1), reproducing published results.214 Adding Oxyma also allowed to obtain the product 

with PZ/DBU, however adding Oxyma to DPA did not reduce aspartimide formation further 

compared to DPA alone. When tested at 90 °C, SPPS of hexapeptide 1 with PPR gave 20% 

aspartimide in the crude, and only 11% with DPA for Fmoc removal, showing that DPA was also 

superior to PPR in terms of low aspartimide at high temperature (Table 6).  

We further tested DPA on other aspartimide-prone sequences, hexapeptide 2212 and 

analogs of hexapeptides 1 and 2 with various Asp-X motives (Table 7). Aspartimide content was 

four-fold lower with DPA in contrast to PPR in the case of hexapeptide 2. Substitution of glycine 

by arginine showed again a reduction of aspartimide formation and a yield increase using DPA 

with hexapeptides 3 and 4.  Substitution by a cysteine (hexapeptide 5) gave similar results with 

both bases and almost no aspartimide was observed for the substitution with alanine 

Fmoc deprotection reagent a) Temperature, ° C Crude yield b), % Products ratio c), % 

20% PPR 60 47 83 / 17 / 0 

2% DBU 60 26 52 / 25 / 23 

5% PZ + 2% DBU 60 0 0 / 0 / 100 

25% DPA 60 53 96 / 4 / 0 

25% DEA 60 46 89 / 8 / 3 

25% DBA 60 52 93 / 4 / 3 

20% PPR + 0.5 M Oxyma 60 17 93 / 6 / 1 

5% PZ + 2% DBU + 0.5 M Oxyma 60 22 86 / 13 / 1 

20% DPA + 0.5 M Oxyma 60 45 93 / 6 / 1 

20% PPR 90 28 70 / 20 / 10 

25% DPA 90 34 78 / 11 / 11 
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(hexapeptide 6). Finally, we performed the synthesis of hexapeptide 7 bearing a glutamic instead 

of the aspartic acid to investigate glutarimide formation, but none was observed for all the 

conditions tested (Table S4.1). 

Fmoc removal by DPA in solution.  

Following the deprotection of the amino acid building block Fmoc-Lys(Boc)-OH in solution 

using HPLC confirmed the formation DBF as well as adduct formation with the base, according 

to the general deprotection mechanism (Figure 19). We found that 25% DPA in DMF rapidly 

released DBF with only a small amount of adduct formation (Figure 20, see Figure S4.2 for 

examples with Fmoc-Phe-OH and Fmoc-PEG-OH). Similar effects occurred with DEA and 

DBA consistent with hexapeptide 1 syntheses data (Table 6), while the hindered secondary 

amines diisopropylamine (DIPA) and DIBA gave only partial deprotection (Figure S4.2). By 

comparison, PZ/DBU and PPR led to the most adduct formation while DBU produced no 

adduct.Javor 

Fmoc deprotection with linear peptides.  

We next tested our DPA protocol with the linear peptide drugs Afamelanotide (13 residues) and 

Bivalirudin (20 residues). In both cases DPA performed well, independent of sequence length, 

with similar purities compared to PPR. We also observed excellent yields with both bases for 

Bivalirudin. We further tested Bivalirudin synthesis at 90 °C, which provided the desired 

product for both PPR and DPA, however with a comparable reduction in yield compared to the 

60 °C protocol (Table 8).  

 

Table 7: Aspartimide formation in other aspartimide-prone peptide sequences. 

a) One letter code for amino acids. C-termini are carboxamide. b) SPPS was carried at 60 °C.  PPR = Piperidine, 

DPA = Dipropylamine. Percentages (%) are in v/v. c) Crude yield is calculated as explained in Table 6.d) Products 
ratio was determined by LC analysis and is given as follow: % desired product / % aspartimide / % other by-

products. 

Cpd. Sequence a) Fmoc deprotection reagent b) Crude yield c), % Products ratio d), % 

Hexapeptide 2 GDGAKF 20% PPR 41 67 / 32 / 1 

 25% DPA 49 84 / 8 / 8 

Hexapeptide 3 VKDRYI 20% PPR 40 84 / 8 / 8 

 25% DPA 43 90 / 4 / 6 

Hexapeptide 4 GDRAKF 20% PPR 51 96 / 3 / 1 

 25% DPA 63 99 / 0 / 1 

Hexapeptide 5 VKDCYI 20% PPR 53 90 / 5 / 5 

 25% DPA 48 88 / 4 / 8 

Hexapeptide 6 VKDAYI 20% PPR 55 97 / 1 / 2 

 25% DPA 51 96 / 1 / 3 
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Figure 20: Liquid phase Fmoc deprotection of Fmoc-Lys(Boc)-OH in DMF at room temperature during 30 minutes 

analyzed by HPLC (λ = 214 nm). Fmoc-Lys(Boc)-OH (tR = 3.86 min) and (b) Fmoc-Phe-OH (tR = 3.85 min). DBF-

PPR adduct (tR = 2.13 min), DBF-DPA adduct (tR = 2. 50 min), PZ-DBF adduct (tR = 2.21 min) and DBF (tR = 
4.42-4.51 min) can be observed. DBF = dibenzofulvene, PPR = Piperidine, DPA = Dipropylamine, PZ = Piperazine, 

DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene. 

No base
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25% DPA

5% PZ + 2% DBU

2% DBU

Time (min)
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Table 8: Syntheses of peptide drugs using piperidine and dipropylamine as Fmoc removal agents. 

a) One letter code for amino-acids, D- amino acids in lower case. C-terminus is carboxamide for Afamelanotide 

and carboxyl for Bivalirudin. Ac = acetyl group, Nle = norleucine. b) PPR = Piperidine, DPA = Dipropylamine. 

Percentages (%) are in v/v. c) Crude yield is calculated as explained in Table 6. d) The crude product after resin 

cleavage was precipitated, washed, dried, and analyzed by analytical HPLC to determine the percentage of desired 

product and other by-products e) Isolated yields were calculated after preparative RP-HPLC purification according 

to the amount of resin and its indicated loading.  n.d. = not determined. 
 

 

Fmoc deprotection in peptide dendrimers.  

 

We finally investigated Fmoc deprotection with DPA and other deprotection agents for SPPS of 

peptide dendrimer G1KL at 60 °C, a prototypical first-generation peptide dendrimer (Table 

9).226 Dendrimer SPPS is an interesting test case for Fmoc deprotection because it requires 

simultaneous Fmoc removal at the lysine α- and ε-amino groups at the branching point. SPPS 

with PPR gave good crude purity (90%) and a crude yield of 73%. Crude purity was higher with 

PZ/DBU (97%), but the yield was much lower (26%). Using 25% DPA for Fmoc removal 

provided slightly lower crude purities (88%) and yields (65%) than with PPR but reducing DPA 

to 20% gave lower crude purities (78%) and yields (35%). Interestingly, adding 1% DBU to 20% 

DPA did not increase yields, but adding 1% DBU to the sterically hindered DIPA, which itself 

was unable to remove Fmoc, gave crude purities and crude yields comparable to 20% DPA, 

suggesting that DBU alone was triggering Fmoc removal with DIPA. DPA gave lower but still 

good crude yields compared to PPR even at room temperature in the case of the second 

generation dendrimer G2KL.227 For the third generation dendrimer G3KL,226 both high and 

room temperatures syntheses gave very poor yields with DPA, while PPR worked well at both 

temperatures. Note that DBU alone gave yields comparable to PPR in this case showing that the 

difficulty of DPA with peptide dendrimer synthesis is not related to the lack for DBF adduct 

formation.  

 

 

 

 

 

Cpd.  

Sequence a) 

Fmoc deprotection 

reagent b) 

Temperature, 

°C 

Crude yield c), 

% 

Crude purity d), 

% 

Isolated yield 

e), % 

Afamelanotide  20% PPR 60 70 46 17 

Ac-SYSNleEHfRWGKPV 25% DPA 60 45 50 10 

Bivalirudin  20% PPR 60 n.d. 77 46 

fPRPGGGGNGDFEEIPEEYL-OH 25% DPA 60 n.d. 77 39 

 20% PPR 90 6.6 28 n.d. 

 25% DPA 90 4.6 25 n.d. 
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Table 9: Syntheses of peptide dendrimers with various Fmoc deprotection conditions. 

 

a) One letter code for amino-acids, K indicates branching L- lysine. C-termini are carboxamide. b) PPR = Piperidine, 

PZ = Piperazine, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, DPA = Dipropylamine, DIPA = Diisopropylamine 

Percentages (%) are in w/v in case of PZ and in v/v otherwise. c) r.t. = room temperature. d) Crude yield is calculated 
as explained in Table 6.  e) The crude product after resin cleavage was pre-cipitated, washed, and dried, and analyzed 

by analytical HPLC to determine the percentage of desired product and other by-products. f) Not applicable. Peak 

integration was not possible in case of G3KL, 25% DPA, 60 °C due to by-products / impurities in the crude but 

traces of desired compounds were observed by HRMS (see Supporting Information). 

 

 

 

Conclusion 
 

In summary, the experiments above documenting 56 individual SPPS runs with 11 different 

peptides (Tables 6, 7, 8, 9 and Table S4.1) provide strong evidence that DPA can be used as 

Fmoc removal reagent in high temperature SPPS. The key application for DPA is clearly the 

case of aspartimide-prone sequences, in which aspartimide and related by-product formation is 

considerably reduced, and yields are substantially increased compared to PPR. Although 

generally lower yielding than PPR for challenging syntheses, DPA gave reasonable purities and 

yields for therapeutic linear peptides and first and second-generation peptide dendrimers. 

Furthermore, DPA is unregulated, non-stench and much cheaper than PPR.  

 

Authors contributions statement. 

H. P. and T. N. S. conceived the project, performed experiments, analyzed the data and wrote 

the paper. S. J. analyzed the data and wrote the paper. J.-L. R. conceived and supervised the 

project and wrote the paper. 

  

Cpd. Sequence a) Fmoc deprotection reagent 
b) 

Temperature 
c), °C 

Crude yield d), % Crude purity e), 

% 

G1KL (KL)2KKL 20% PPR 60 73 90 

 5% PZ + 2% DBU 60 26 97 

 20% DPA 60 35 78 

 25% DPA 60 65 88 

 20% DPA + 1% DBU 60 34 85 
 20% DIPA 60 0 0 

 20% DIPA + 1% DBU 60 36 86 

G2KL (KL)4(KKL)2KKL 20% PPR r.t. 65 79 

 5% PZ + 2% DBU r.t. 54 74 

 20% DPA r.t. 42 82 

 25% DPA r.t. 46 80 

G3KL  20% PPR 60 47 74 

(KL)8(KKL)4(KKL)2KKL 20% PPR r.t. 41 78 

 25% DPA 60 N/A f) N/A f) 

 25% DPA r.t. 12 29 

 2% DBU 60 48 70 
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4. Chapter 3: Submonomer Synthesis of antimicrobial 

inverse polyamidoamines  
 

This work is part of the following publication:  

H. Personne, X. Hu, E. Bonvin, J. Reusser and J.-L. Reymond, Submonomer synthesis of 

inverse polyamidoamines (i-PAMAMs) antibacterials,  Helv. Chim. Acta, 2024, e202400041 

https://onlinelibrary.wiley.com/doi/10.1002/hlca.202400041 

Abstract 

Polyamidoamines (PAMAMs) dendrimers, consisting of repeating N(CH2CH2CONHCH2CH2)2 

dendrons, have been investigated for diverse therapeutic applications. However, the β-alanine 

unit present in their dendron is susceptible to retro-Michael reaction, leading to degradation. Our 

group recently reported inverse polyamidoamines (i-PAMAMs) featuring a modified dendron 

N(CH2CH2CH2NHOCCH2)2, which differs from the PAMAM dendron only by the position of 

the carbonyl group, such that the retro-Michael reaction cannot occur. i-PAMAMs can be 

prepared by solid-phase peptide synthesis from iterative coupling of N,N-bis(3-

fluorenylmethoxycarbonyl-aminopropyl)glycine. To circumvent this relatively expensive 

building block, we developed a new solid-supported synthetic route to i-PAMAMs exploiting 

the sub-monomer strategy used to prepare peptoids. Our new procedure consists of acylation of 

N-termini with bromoacetic acid, followed by nucleophilic substitution of the bromacetyl group 

using N,N-bis(3-trifluoroacetylaminopropyl)amine and deprotection of the trifluoroacetyl 

groups with piperidine. This new synthetic route, which is more atom-economical than our 

previous approach, is exemplified with the synthesis of polycationic i-PAMAMs of different 

generation numbers and testing of their antibacterial effects.  
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Introduction 
 

 

Dendrimers represent an emerging class of therapeutic molecules. Their intrinsic structure 

makes them very attractive for a broad range of applications due to their high degree of 

functionalization.228–232 Among them, polyamidoamines (PAMAMs) have extensively studied, 

mainly because of their malleable structure and their simple construction.233 PAMAM molecules 

showed high efficiency as nanocarrier for drug and gene delivery,234–242 antimicrobial agents243–

245 as well as other technologies.246–249 However, PAMAMs fundamentally undergo self-

degradation by retro-Michael addition limiting their life-time.250–253 Inverse polyamidoamines 

(i-PAMAMs), varying from PAMAMs by the position of the carbonyl group (Figure 21), were 

proved to be highly stable.254 Moreover, their architecture is inclined to be constructed using a 

similar strategy to solid-phase peptide synthesis (SPPS), which enhances their appeal compared 

to PAMAMs counterparts.  

A first i-PAMAM solid-phase synthesis (SPS) was introduced in 2013 by Kao et al,255 

based on the use of N,N-bis(N’-Boc-aminopropyl)-β-alanine dendron (Figure 22a). i-PAMAMs 

were then obtained by iterative building block coupling / Boc deprotection cycles on solid 

support, showing efficient synthesis of a seventh-generation dendrimer.256 

 

Figure 21: Structural difference between PAMAM and i-PAMAM as exemplified with structures of reported 

antimicrobial PAMAM154 and N-terminal glycines i-PAMAM 3b. 
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Figure 22: Reported SPS of i-PAMAMs and presented work. (a) via Boc-protected building block strategy,255 (b) 

via Fmoc-protected building block strategy254 and (c) current work: i-PAMAMs synthesis via key nucleophilic 

substitution of BrCH2CO2H. Red bead represents solid-support resin and blue oval represents peptide sequence. 

However, the obtained dendritic structures retained the unstable β-alanine subunit of PAMAMs 

with their dendrons, implying that they would be similarly unstable. In this regard, our group 

recently developed a new strategy based on the repetitive coupling of the commercially available 

N,N-bis(N’-Fmoc-3-aminopropyl)glycine building block (Figure 22b).254 This method was 

exemplified with the obtention of a new class of stable antimicrobial dendrimers. 

Despite the effectiveness of the mentioned i-PAMAM synthetic methods, dendrons-

based strategies are either time and chemical consuming in the case of the building block 

preparation due to a protection / deprotection synthesis, or expensive if conducted with 
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commercial building block. Here, we got inspired by peptoid synthesis approach257 and 

developed a new cost-saving and time-effective SPS for the obtention of i-PAMAMs based on 

the formation of the N,N-bis(3-aminopropyl)glycyl motif directly during SPS. This novel 

method involves the preparation of trifluoroacetyl- (Tfa) protected N,N-bis(3-

aminopropyl)amine which can provoke a SN2 reaction on a bromine incorporated by the 

coupling of a bromoacetic acid (BrCH2CO2H) on the elongated chain (Figure 22c). Our new 

synthetic route was successfully used to obtain antimicrobial dendrimers up to the fourth 

generation. In addition, we synthesized the N-terminal glycine analogs respecting PAMAMs 

atomic skeleton by only switching the carbonyl bonds position to assess their antimicrobial 

properties.  

Results and Discussion 
 

Synthesis of N,N-bis(3-trifluoroacetylaminopropyl)amine 

As a first step, we prepared our protected nucleophile with the reported reaction between N,N-

bis(3-aminopropyl)amine with ethyltrifluoroacetate (ETFA, 2.1 eq.) in acetonitrile (ACN) 

(Scheme 2).258 Reaction was stirred overnight at room temperature and ACN was evaporated. 

The final crude product was obtained in large scale (49.2 g) and analyzed by 1H and 13C NMR 

and HPLC-MS (Figures S5.1 to S5.3). To our delight, crude analyses showed high purity of the 

primary amines-protected product, with trisubstituted compound as the only side product. We 

therefore use the crude product without further purification. 

 

Scheme 2: Trifluoroacetyl protection of N,N-bis(3-aminopropyl)amine. 

 

Screening of Tfa deprotection conditions 

We then investigated the optimal deprotection conditions to remove both Tfa protecting groups 

during high-temperature SPS. In this aim, we tested deprotection conditions on a first-generation 

i-PAMAM. We first synthesized a linear tetra-leucine core using standard SPPS.  We then used 

DIC-mediated amide bond formation to couple BrCH2CO2H at the N-terminus. This coupling 

was performed with same conditions as standard amino acids, but without Oxyma as a coupling 

agent since bromoacetic acid is unable to racemize. Nucleophilic substitution of the bromide by  
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Scheme 3: Synthetic solid-phase strategy for i-PAMAMs. PPR = piperidine, PZ = piperazine, DBU = 

diazabicyclo[5.4.0]undec-7-ene, BuOH = butanol, TFA = trifluoracetic acid, TIS = triisopropylsilane. Red bead 

represents solid-support resin and blue oval represents leucines tail. 

 

our Tfa-protected amine (10 eq.) was performed twice during 15 min at 60 °C (Scheme 3, steps 

1, 2 and 3) to obtain a Tfa-protected N,N-bis(aminopropyl)glycyl motif (Bag). After the 

preparation of our on-beads Tfa-protected first generation i-PAMAM, we screened a total of 

fourteen conditions for Tfa deprotection (Table 10). We first tested sodium borohydride as 

reported in the literature for on-resin Tfa deprotection for the synthesis of N-methylated peptides 

and liquid phase peptide synthesis.259,260 The reaction was first conducted at 60 °C for 10 min, 

and only 22% of fully deprotected compound were observed (Table 10 entry 1, Figure S5.4). 

Using the same concentration of NaBH4, reaction was performed during 30 min at room 

temperature, giving 47% of desired product (Table 10 entry 2, Figure S5.5). No deprotected 

dendrimer was observed by the treatment with 0.2 M NaOH in DMF / H2O and only 10% were 

detected by HPLC analysis in case of aqueous NaOH261 (Table 10, entries 3 and 4, Figures S5.6 

and S5.7), although 38% of mono-deprotection was observed. Similar results were obtained with 

0.2 M LiOH, even by increasing reaction time (Table 10 entry 5, Figure S5.8).  
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Table 10: Screening of trifluoroacetamide deprotection conditions. 

Entry Conditionsa) Reaction time Solvent 
desired product 

(%)b) 

mono-protected 

product (%)b) 

1 2% w/v NaBH4 10 min EtOH / THF (1:1) 22 19 

2 2% w/v NaBH4 (r. t.) 30 min EtOH / THF (1:1) 47 23 

3 0.2 M NaOH 10 min DMF / H2O (1:1) 0 traces 

4 0.2 M NaOH 10 min H2O 9 38 

5 0.2 M LiOH 30 min H2O 18 37 

6 20% PPR 10 min DMF / H2O (1:1) 0 traces 

7 20% PPR 10 min H2O 27 39 

8 20% PPR 30 min H2O 37 23 

9 20% PPR 2 x 30 min H2O 65 10 

10 20% PPR 3 x 30 min H2O 72 4 

11 20% PPR 4 x 30 min H2O 100c) 0 

12 20% PPR 2 h H2O 80 2 

13 20% PPR 2 x 1 h H2O 100c) 0 

14 20% EA 2 x 1 h H2O 9 25 

a) All reactions were performed under nitrogen bubbling at 60 °C, except entry 2 for which the reaction was 

conducted at room temperature. PPR = piperidine. EA = ethanolamine b) Conversion calculated by integration of 

HPLC spectra. c) Monoprotected and fully protected products were not observed by HPLC-MS analysis. HPLC-MS 

spectra are shown in Supporting Information. 

Furthermore, deprotection trials with NaOH and LiOH modified resin appearance, 

causing it to become more viscous, which made the nitrogen bubbling less efficient. Following 

previous reports on the use of aqueous piperidine (PPR) for Tfa deprotection in the case of 

proteins,262–264 we assessed its suitability in our case. We first evaluated 20% PPR in DMF / H2O 

and H2O for 10 min. Similarly to NaOH, no Tfa removal was observed for the solvent mixture 

(Table 10 entry 6, Figure S5.9). However, aqueous PPR gave 27% fully deprotected and 39% 

mono-protected products (Table 10 entry 7, Figure S5.10), surpassing all previous tested 

conditions. Encouraged by this result, we increased deprotection time to 30 min and repeated 

the reaction two, three and four times (Table 10 entries 8 – 11, Figures S5.11 to S5.14). The 

amount of desired product increased with the number of repetitions, and complete Tfa 

deprotection was achieved after 4 x 30 min. Interestingly, only 80% conversion was reached for 

a continuous 2 h reaction, whereas two repetitions of one hour successfully removed all Tfa 

protecting groups (Table 10 entries 12 and 13, Figures S5.15 and S5.16), underlining the 

relevance of repetitive reactions. We finally sought to test ethanolamine (EA) to see whether its 

basic and nucleophilic capacities could increase reaction rate, but only 9% free amines product 
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were observed after 2 x 1 h (Table 10 entry 14, Figure S5.17). We chose to further use the 2 x 1 

h treatment with 20% aqueous PPR for i-PAMAMs syntheses. 

 

Synthesis and biological evaluation of i-PAMAMs library 

We designed a library of eight compounds from first to fourth generation. Each compound 

contains a tetra-leucine linear peptide core to obtain amphiphilic dendrimers, a feature associated 

with antibacterial activity. For each generation, number of coupling repetitions for amide bond 

formation was increased (Table S5.1). Nucleophilic substitution of bromides was performed 

with 10 equivalents of protected bis(3-aminopropyl)amine relative to number of bromides 

during twice 15 min, independently from the number of branches. After Tfa deprotection using 

20% aqueous PPR, iterations of BrCH2CO2H coupling, SN2 and Tfa deprotection were 

accomplished to obtain dendrimers with one to four consecutive Bag motifs (Scheme 3, 

compounds 1a-4a). For each generation, we also performed the synthesis of N-terminal glycines 

analogs (Scheme 3, compounds 1b-4b) to obtain strict PAMAM structure mimics with carbonyl 

groups switched to the other side of the amide nitrogens (Figure 21). After cleavage from the 

resin and reverse-phase high performance liquid chromatography (RP-HPLC) purification, all 

compounds were successfully obtained in high purity (Table 11). Increasing the number of 

generations was accompanied by lower yields (from 27% for first generation to 1% for fourth 

generation), as observed for previous reported third generation peptide dendrimers.224,265,266 

Lower retention times following increasing dendrimer sizes were observed by analytical RP-

HPLC, consistent with the doubling of positively charged N-terminal amino groups. Same effect 

was shown between the absence and the presence of terminal glycines, in line with the higher 

polarity due to the presence of carbonyl groups. 

Table 11: Synthesis of i-PAMAMs library. 

Cpd. Sequencea) SPPS yieldb) MS analysisc) Analytical HPLCd) 

  mg (%) calc./obs. (g/mol) tR (min) 

1a BagLLLL 18.0 (27.8) 641.50/641.56 3.03 

1b G2BagLLLL 14.8 (20.4) 755.54/755.55 2.99 

2a Bag2BagLLLL 22.7 (19.3) 983.77/983.78 2.65 

2b G4Bag2BagLLLL 11.5 (8.7) 1211.86/1211.87 2.61 

3a Bag4Bag2BagLLLL 12.5 (5.6) 1667.32/1667.33 2.42 

3b G8Bag4Bag2BagLLLL 15.8 (6.2) 2124.49/2124.50 2.33 

4a Bag8Bag4Bag2BagLLLL 12.4 (2.9) 3038.42/3038.43 2.21 

4b G16Bag8Bag4Bag2BagLLLL 6.1 (1.2) 3949.76/3949.78 2.13 
a) One letter code for amino acids. Bag = bis(aminopropyl)amine glycyl. Italic case indicates branching point. All 

C-termini are carboxamide. b) Yields given for RP-HPLC purified products. c) High-resolution electrospray 

ionization mass spectrometry (positive mode), the   calculated monoisotopic (+1) mass and the observed mass are 

given. d) Retention time in analytical RP-HPLC (A/D = 100/0 to 0/100 in 7.0 min, λ = 214 nm). 
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To investigate antimicrobial capacity of our compounds, we determined the Minimum 

Inhibitory Concentration (MIC) on four Gram-negative (E. coli W3110, P. aeruginosa PAO1, 

A. baumannii ATCC19606 and K. pneumoniae NCTC418) and the Gram-positive methicillin-

resistant S. aureus COL (MRSA). MIC measurements were carried out using broth dilutions for 

concentrations between 0.25 and 32 μg/mL. These tests were conducted in full and 12.5% 

Mueller Hinton (MH) broth media, a condition known to enhance activity of proline-rich 

antimicrobial peptides.267–269. Furthermore, we explored the impact of pH variations by 

assessing two pH levels, 7.4 and 8.5.  Basic pH have previously been shown to enhance the 

antimicrobial activity of cationic AMPs, peptide dendrimers and i-PAMAMs.254,270  

Among the first and second-generation dendrimers (1a-b and 2a-b) only compound 2a 

which displayed modest activity against E. coli in 12.5% MH (MIC = 16-32 μg/mL, Table 3). 

However, third generation and fourth-generation compounds 3a and 4a were active on four out 

of five strains (MICs = 2-32 μg/mL). Remarkably, the activity of compound 4a demonstrated 

high level of reproducibility with MIC measured for the dendrimer synthesized by the Fmoc 

dendron approach.254 On the other hand, the addition of N-terminal glycines reduced the activity 

in the case of compounds 3b and 4b by 2 to 8-fold when compared to their glycine-free 

counterparts. Overall, the observed activity was predominantly noted in minimal medium at pH 

8.5, while little to no activity was observed in full medium, regardless of the pH (Tables 12 and 

S5.2). Additionally, we assessed the toxicity of these compounds by determining the minimum 

hemolytic concentration (MHC) on human red blood cells. Importantly, none of them induced 

hemolysis at the tested concentration (Table 12, MHC > 1000 μg/mL), underscoring their 

selectivity for bacterial cells over eukaryotic cells. 

Table 12: Antimicrobial and hemolytic activity of i-PAMAMs. 

Cpd. 
MIC (μg/mL)a) 

MHCb) 

(μg/mL) 

 P. aeruginosa 

PAO1 

K. pneumoniae 

NCTC418 

A. baumannii 

ATCC19606 

E. coli 

W3110 

S. aureus 

COL 
 

 pH 7.4 pH 8.5 pH 7.4 pH 8.5 pH 7.4 pH 8.5 pH 7.4 pH 8.5 pH 7.4 pH 8.5  

1a >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >1000 

1b >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >1000 

2a >32 >32 >32 >32 >32 >32 32 16 >32 32 >1000 

2b >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >1000 

3a 16 16 >32 >32 16 8 4 4 32 8 >1000 

3b 32 >32 >32 >32 32 >32 4 16 >32 >32 >1000 

4a 4 2-4 >32 16 8 4 4 2-4 16 2 >1000 

4b 8 8-16 32 32 16 32 8 8 16 16 >1000 

Pol B 1 0.5 0.5 1 0.5 0.5 0.5 0.5 8 2-4 n.d. 

Vancomycin >16 >16 >16 >16 >16 >16 >16 >16 0.25 0.25 n.d. 
a) Minimum Inhibitory Concentrations were determined after incubation in 12.5% MH broth pH 7.4 and 8.5 for 16-

20 h at 37 °C. Values represent two independent duplicates MIC determinations. Activity was only observed in full 

MH at pH 8.5 for 3a (32 μg/mL against MRSA) and 4a (16-32 and 32 μg/mL respectively against E. coli and 

MRSA), see Table S5.2.b) Minimum Hemolytic Concentration measured on human red blood cells in PBS (pH 7.4) 
after 4 h incubation at room temperature.  
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Conclusion  
 

 

In the present work, we have introduced a new SPS to access i-PAMAMs dendritic molecules. 

In contrast to existing methods, which involve the sequential attachement of dendrons, our 

streamlined approach relies on iterative bromo acetic coupling and nucleophilic substitution by 

a Tfa-potected N,N-bis(3-aminopropyl)amine. This method offers significant advantages in 

terms of cost-effectiveness and time efficiency. Our research successfully resulted in the 

synthesis of amphiphilic i-PAMAMS of various sizes, tailored to the PAMAM carbonic 

structure. When these compounds were subjected to antibacterial testing, we observed 

significant activity from third-generation dendrimers, suggesting a size-dependent activity. 

However, the addition of glycyl moieties at the N-termini resulted in unactive molecules. Further 

investigations of the hydrophobic core will enhance i-PAMAM dendrimers bioactivity. Given 

the growing utility of dendritic molecules across diverse therapeutic applications, this work 

offers meaningful advancements in their synthesis. 
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5. General conclusions 
 

Overall, this thesis aimed to enhance and structurally determined antimicrobial peptide 

properties by exploring the diastereomers of linear α-helical AMPs, and to develop new 

synthetic approaches for peptides and peptidomimetics solid-phase synthesis. I will now come 

back on the crucial highlights made in each study and discuss the results obtained. 

 

 Firstly, structural behaviours of L- homochiral AMP ln65 and its mixed-chirality analog 

ln69 designed by Dr. Stéphane Baeriswyl were deciphered by X-ray crystallography. Using co-

crystallization strategy of fucosylated AMP with bacterial lectin LecB, the resolution of crystal 

structures revealed a perfect α-helical conformation for the homochiral peptide. Unexpectedly 

and in contrast to previous studies reported the inability of a mixed-chirality sequence to fold 

into a helical structure, the X-ray structure of Fdln69 also showed a perfect α-helix. Despite the 

D- amino acids content, the mixed-chirality helix backbone was superimposable with the 

backbone of the homochiral counterpart. This X-ray study represents the first evidence of a 

mixed-chirality α-helical conformation. Together with the increased stability and reduced 

toxicity of the mixed-chirality sequence, this structural insight suggests that stereochemical 

switches, in addition to be tolerated by the α-helical folding, can be used for optimizing AMPs 

properties.  Furthermore, the 8-helix bundle in the Fln65 crystal structure was maintained 

through intermolecular hydrophobic interactions in aqueous solvent in MD simulations, showing 

the ability to fold not only in a membrane-like environment.  

 Knowing the possibility to tune this α-helical sequence with stereochemical changes to 

improve biological properties without altering the secondary structure, 31 diastereomers of ln65 

were investigated. α-Helicity and antimicrobial property were preserved for many 

diastereomers, highlighting a strong correlation between the secondary structure, the 

antimicrobial activity, and the hemolysis. More importantly, this study spotlighted two new 

compounds, HP5 and HP7, showing activity on a broad range of bacterial strains including 

multi-drug resistant bacteria and clinical isolates. In addition, their toxicity towards HEK293 

cells was dramatically reduced compared to the homochiral parent ln65. The ability of active 

diastereomers to fold into an α-helical structure was strengthened by the obtention of two high-

resolution X-ray crystal structures of α-helical peptides and MD simulations in membrane-

mimicking surroundings. 

 ln69 chirality pattern was then applied to reported natural and designed α-helical AMPs. 

Two approaches were tested: the strict application of the pattern on other 11 residues sequences; 
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and the chirality switch for cationic residues in other amphiphilic α-helical AMPs. In all cases, 

the modification of sequence’s stereochemistry suppressed biological activities on bacterial and 

red blood cells, which was further demonstrated by the absence of membrane-disruptive ability 

as measured by vesicle leakage assay. Together with the results obtained on ln65 diastereomers, 

these observations suggest a strong sequence dependence for a possible diastereomeric 

optimization. Furthermore, the stereorandomization of ln65 and other helical AMPs sequences 

were tested,161 underlining a correlation between activities of fully stereorandomized peptide 

and diastereomers. As a stereorandomized peptide is a mixture of all possible diastereomers, we 

could expect its antibacterial activity to be correlated with the amount of α-helical diastereomers. 

Therefore, evaluating stereorandomized analogs appears to be a trustable indication for a 

possible stereochemical optimization of active α-helical peptides. 

 

 The second chapter focused on the replacement of piperidine for Fmoc deprotection in 

the context of high-temperature SPPS. Jointly with Dr. Thissa Siriwardena, we first screened a 

total of eighteen different deprotection conditions on a model peptide sequence, hexapeptide 1 

(VKDGYI), known to induce aspartimide formation. From these analyses, we identified 25% 

DPA as the best aspartimide-reducing condition with 13% less aspartimide compared to the 

standard 20% piperidine Fmoc deprotection. DPA was shown to be superior to piperidine for 

six other aspartimide-prone sequences. We then evaluated DPA as a Fmoc removal agent for 

arduous syntheses. High-yielding SPPS was realized for two therapeutic and commercial 

peptides, Afamelanotide and Bivalirudin, as well as for first- and second-generation peptide 

dendrimers. Efficient Fmoc deprotection was also observed in solution for single amino acid 

deprotection. However, DPA showed limitations for the synthesis of third-generation dendrimer 

when compared to piperidine and DBU, showing difficulty to simultaneously deprotect eight 

Fmoc groups. Together with its non-toxicity, its cost and its accessibility, these results 

highlighted dipropylamine as a promising alternative to piperidine for Fmoc SPPS, with an 

oriented use for aspartimide-prone and linear sequences. 

 

The third and last chapter was dedicated to the development of a novel solid-phase 

synthetic route of inverse polyamidoamine dendrimers. Inspired by the solid-phase synthesis of 

peptoid polymers, we used a similar strategy to directly construct the dendritic molecules on-

beads. First, we protected primary amines of N,N-bis(3-aminopropyl)amine using ethyl 

trifloroacetate to obtain N,N-bis(3-trifluoroacetylaminopropyl)amine. After the construction of 

a peptide core and the attachement at the N-termini of a bromoacetic acid using standard SPPS, 
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the non-protected secondary amine of N,N-bis(3-trifluoroacetylaminopropyl)amine was 

subsequently used to substitute the bromide, creating a first-generation i-PAMAM. Treatment 

of the trifluoroacteyl-protected dendrimer linked to the solid support with 20% aqueous 

piperidine during twice one hour was found to be the optimal Tfa deprotection condition. The 

iteration of bromoacetic coupling, nucleophilic substitution and Tfa removal allowed to 

successfully access i-PAMAM dendrimers up to fourth-generation. Nonetheless, yields obtained 

were low and decreased with the number of branching points, giving only 1% isolated yield for 

the biggest molecule. Further synthesis optimization, notably by reducing the resin loading using 

acetylation, will be conducted to increase i-PAMAM yields with this strategy. The obtained 

dendrimers were then assessed to antibacterial and hemolysis assays. While none was hemolytic, 

only the third- and fourth-generation dendrimers showed activity. Generally, antimicrobial 

properties were obtained in minimal medium and amplified at basic pH, conditions known to 

enhance proline-rich peptides activity. The analogs containing N-terminal glycines, identical to 

PAMAM dendrimers with a simple carbonyl position change, lost their antimicrobial abilities, 

suggesting a necessary linear alkyl spacer between N-terminal primary amines and the last amide 

bonds. Further investigations will be conducted to increase biological properties of i-PAMAMs 

through the modification of the lipid core. Our new approach provides a more efficient synthetic 

process compared to existing dendrons-based syntheses.  
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6. Experimental part 
 

6.1 Material and reagents 
 

DMF (N,N-dimethylformamide) was purchased from Thommen-Furler AG, Oxyma was 

purchased from SENN AG, DIC (N,N’-diisopropyl carbodiimide) was purchased from Iris 

BIOTECH GMBH,  piperazine, butanol and DBU were purchased from Alfa Aesar; piperidine 

and bromoacetic acid were purchased from Acros Organics, triisopropylsilane and TFA 

(trifluoroacetic acid) were purchased from Fluorochem Ltd; dipropylamine, diisopropylamine, 

diethylamine, dibutylamine, diisobutylamine, DMAP, HOBt, DIPEA, DODT, ethyl 

trifluoroacetate, sodium borohydride (NaBH4), lithium hydroxide (LiOH) and 2-aminoethanol 

were purchased from Sigma Aldrich. Amino acids were purchased from GL Biochem Shanghai 

Ltd or supplied by Shanghai Space Peptides Pharmaceuticals Co., Ltd except from Fmoc-Nle-

OH which was purchased from Iris BIOTECH GMBH. Amino acids were used as the following 

derivatives: Fmoc-Leu-OH, Fmoc-(D)-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-Lys(Fmoc)-OH, 

Fmoc-(D)-Lys(Boc)-OH, Fmoc-Ile-OH, Fmoc-Arg(Pbf)-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-

Nle-OH, Fmoc-Val-OH, Fmoc-Asp(tBu)-OH, Fmoc-Asp-OtBu, Fmoc-Glu(tBu)-OH, Fmoc-

Glu-OtBu, Fmoc-Gly-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Ile-OH, Fmoc-Ser-OH, Fmoc-Nle-OH, 

Fmoc-His(Trt)-OH, Fmoc-D-Phe-OH, Fmoc-Phe-OH, Fmoc-Trp(Boc)-OH, Fmoc-Pro-OH, 

Fmoc-Cys(Trt)-OH and Fmoc-Asn(Trt)-OH. Tentagel S RAM resin was purchased from RAPP 

Polymer. Rink Amide AM LL resin was purchased from Novabiochem. Wang resin was 

purchased from Iris BIOTECH GMBH. N,N-bis(aminopropyl)amine was purchased from Fluka. 

Sodium hydroxide (NaOH) was purchased from Hänseler Swiss Pharma.  

Analytical reverse-phase HPLC-MS was performed with an Ultimate 3000 Rapid 

Separation LC-MS System (DAD-3000RS diode array detector) using an Acclaim RSLC 120 

C18 column (2.2 µm, 120 Å, 3×50 mm, flow 1.2 mL/min) from Dionex. The HPLC is directly 

linked to a Thermo Scientific LCQ-Fleet Ion-trap MS. Data recording and processing was done 

with Dionex Chromeleon Management System Version 6.80 (analytical RP-HPLC) and 

FreeStyle software. All RP-HPLC were using HPLC-grade acetonitrile and Milli-Q deionized 

water. The elution solutions were A: MilliQ deionized water containing 0.05% TFA; D: MilliQ 

deionized water/acetonitrile (10:90, v/v) containing 0.05% TFA. Preparative RP-HPLC was 

performed with a Waters automatic Prep LC Controller System containing the four following 

modules: Waters2489 UV/Vis detector, Waters2545 pump, Waters Fraction Collector III and 

Waters 2707 Autosampler. A Dr. Maisch GmbH Reprospher column (C18-DE, 100×30 mm, 
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particle size 5 μm, pore size 100 Å, flow rate 40 mL/min) was used. Compounds were detected 

by UV absorption at 214 nm using a Waters 248 Tunable Absorbance Detector. Data recording 

and processing was performed with Waters ChromScope version 1.40 from Waters Corporation. 

All RP-HPLC were using HPLC-grade acetonitrile and Milli-Q deionized water. The elution 

solutions were: A MilliQ deionized water containing 0.1% TFA; D MilliQ deionized 

water/acetonitrile (10:90, v/v) containing 0.1% TFA. MS spectra, recorded on a Thermo 

Scientific LTQ OrbitrapXL, were provided by the MS analytical service of the Department of 

Chemistry, Biochemistry and Pharmaceutical Sciences at the University of Bern (group PD Dr. 

Stefan Schürch). 

 

6.2 Solid-Phase Peptide Synthesis 
 
Standard Fmoc Solid-Phase Peptide synthesis 

 

Peptides were synthesized manually using 300 to 400 mg of resin at 60°C under nitrogen 

bubbling. The needed amount of resin was swollen in DMF during 10 min. Double deprotections 

of Fmoc group were performed using a solution of 5% w/v piperazine / 2% DBU with 10% of 

butanol in DMF during 1 and 4 minutes. The resin was washed 5 times (5 x 8 mL DMF) after 

deprotection. Double couplings (2 x 8 minutes) were performed with 3 mL of amino acid (0.2 

M), 2 mL of DIC (0.8 M) and 1.5 mL of Oxyma (0.8 M) in DMF. Resin was washed twice (2 x 

8 mL DMF) between couplings, and 3 times (3 x 8 mL DMF) after second coupling. Reaction 

mixture was removed by filtration and the resin was washed with DMF and MeOH before 

cleavage. 

Synthesis of fucosylated peptides 

 

After normal Fmoc synthesis and deprotection of last amino group, peracetylated α-L-fucosyl-

acetic acid (3 eq.), Oxyma (3 eq.) and DIC (3 eq.) were dissolved in 6 mL of DMF. Double 

coupling (2 x 1 hour) was performed at 50 °C under nitrogen bubbling on resin. Deacetylation 

of sugar was performed directly on-bead using a mixture of MeOH/H2O/NH3 (8:1:1, v/v/v). 

Reaction was stirred overnight at room temperature. Reaction mixture was removed by filtration 

and the resin was washed with DMF and MeOH before cleavage. 

Cleavage from the resin 

 

Cleavage was carried out by treating the compound-resin with 7 mL of a TFA/TIS/H2O (94:5:1, 

v/v/v) mixture or TFA/TIS/DODT/H2O (94:2.5:2.5:1, v/v/v/v) mixture   in case of cysteine 

peptides for 3 hours at room temperature. Compounds were precipitated by adding 25 mL of 
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cold tert-butyl methyl ether and centrifuged for 10 min at 3500 rpm. Supernatant was discarded 

and the pellet was dried under argon. 

 

Peptides purification 

 

The dried crude was dissolved in water / acetonitrile mixture, filtered (pore size, 0.45 μm) and 

purified by preparative HPLC with various gradient depending on the peptide. The pure fractions 

were collected and analysed by analytical LC-MS. Finally pure products were obtained as white 

solids after lyophilization. The isolated yields were calculated for the obtained TFA salts. 

6.3 Antimicrobial assay 
 

Antimicrobial activity was determined for all peptides on E. coli W3110, P. aeruginosa PAO1, 

A. baumannii ATCC19606, K. pneumoniae NCTC418, methicillin-resistant S. aureus COL and 

for selected peptides on P. aeruginosa PA14 and the polymyxin B resistant derivatives PA14 

4.13, PA14 4.18 and PA14 2P4 as well as the clinicakl isolates ZEM-1A and ZEM9A, K. 

pneumoniae OXA-48, Enterobacter cloacae, Stenotrophomonas maltophilia, Burkholderia 

cenocepacia and Staphylococus epidermis. To determine the Minimal Inhibitory Concentration 

(MIC), broth Microdilution method was used.271 A colony of bacteria was grown in LB medium 

overnight at 37 °C and 180 rpm shaking. The compounds were prepared as stock solutions of 2 

mg/mL in sterilized milliQ deionized water, added to the first well of 96-well sterile, 

polypropylene round bottom microtiter plates (TPP, untreated, Corning Incorporated, 

Kennebunk, USA) and diluted serially by ½. Concentration range tested was 0.5 - 64 μg/mL.The 

concentration of the bacteria was quantified by measuring absorbance at 600 nm and diluted to 

an OD600 of 0.022 in desired concentration of MH medium (Sigma Aldrich, Buchs, Switzerland). 

The sample solutions (150 µL) were mixed with 4 µL diluted bacterial suspension with a final 

inoculation of about 5×105 CFU. For each test, two columns of the plate were kept for sterility 

control (MH medium only), growth control (MH medium with bacterial inoculum, no 

compound). Positive control was done using either polymyxin B for Gram-negative or 

vancomycin for Gram-positive strains (starting with a concentration of 16 µg/mL) in MH 

medium. The plates were incubated at 37 °C for 16-20 h under static conditions. 15 μL of 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)272 (1 mg/mL in sterilized 

milliQ deionized water) were added to each well and the plates were incubated at room 

temperature until MTT staining was completed. The minimal inhibitory concentration (MIC) 

was defined as the lowest concentration of the compound that inhibits the visible growth of the 

tested bacteria (yellow) with the unaided eye.  
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6.4 Hemolysis assay 
 

To determine the minimal hemolytic concentration (MHC) stock solutions of 8 mg/mL of the 

peptide in PBS pH 7.4 were prepared and 50 μL were diluted serially by l/2 in 50 μL PBS pH 

7.4 in 96-well plate (Costar or Nunc, polystyrene, untreated). Concentration range tested was 

15.6 - 2000 μg/mL. Human red blood cells (hRBC) were obtained by centrifugation of 1.5 mL 

of whole blood, from the blood bank of Bern, at 3000 rpm for 15 min at 4 °C. Plasma was 

discarded and the pellet was re-suspended in a 15 mL Falcon tube in 5 mL of PBS. The washing 

was repeated three times and the remaining pellet was re-suspended in 10 mL of PBS. The hRBC 

suspension (50 μL) was added to each well and the plate was incubated at room temperature for 

4 h. Minimal hemolytic concentration (MHC) end points were determined by visual 

determination of the wells after the incubation period. Controls on each plate included a blank 

medium control (50 μL PBS + 50 μL of hRBC suspension) and a hemolytic activity control 

(mQ-deionized water 50 μL + 50 μL hRBC suspension). 

6.5 Circular Dichroism spectroscopy 
 

CD experiments were measured on a Jasco J-715 spectropolarimeter. All the experiments were 

performed using Hellma Suprasil 110-QS 0.1 cm cuvettes. For each peptide, the measurements 

were performed in phosphate buffer (PB, pH 7.4, 7 mM), 10% TFE, 20% TFE, 5 mM DPC and 

10 mM SDS. The buffer was degassed for 10 min under high vacuum before each set of 

experiments. The concentration of the peptides was 0.100 mg/mL and each sample was 

measured in one accumulation. The scan rate was 20 nm/min, pitch 0.5 nm, response 16 sec and 

bandwidth 1.0 nm. The nitrogen flow was kept > 8 L/min. After each measurement, the cuvettes 

were washed successively with milli-Q H2O and PB pH 7.4. The baseline was recorded under 

the same conditions and subtracted manually. Primary CD spectra were analyzed using 

DichroWeb177 and Contin-LL method (set 4).273 

6.6 Vesicle leakage assay 
 

5(6)-carboxyfluorescein (CF) was purchased from Sigma. Egg Yolk Phosphatidylcholine 

(EYPC), Egg Yolk Phosphatidylglycerol (EYPG) and a Mini-Extruder were purchased from 

Avanti Polar Lipids. Egg PC or Egg PG thin lipid layers were prepared by evaporating a solution 

of 100 mg EYPC or EYPG in 4 mL MeOH/CHCl3 (1:1) on a rotary evaporator at room 

temperature and then dried in vacuo overnight. The resulting film was then hydrated with 2 mL 

CF buffer (50 mM CF, 10 mM TRIS, 10 mM NaCl, pH 7.4) for 30 min at room temperature 
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under stirring and then subjected to freeze-thaw cycles (7×) and extrusion (15×) through a 

polycarbonate membrane (pore size 100 nm). Extra vesicular components were removed by gel 

filtration (Sephadex G-50) with 10 mM TRIS, 107 mM NaCl, pH 7.4 buffer. Final conditions: 

~ 2.5 mM PC or PG; inside: 50 mM CF, 10 mM TRIS, 10 mM NaCl, pH 7.4 buffer; outside: 10 

mM TRIS, 107 mM NaCl, pH 7.4. PC or PG stock solutions (37.5 µL) were diluted to 3000 µL 

with a buffer (10 mM TRIS, 107 mM NaCl, pH 7.4) in a thermostated fluorescence cuvette (25 

°C) and gently stirred (final lipid concentration ~31 µM). CF efflux was monitored at lem 517 

nm (lex 492 nm) as a function of time after addition of the desired volume of peptide from 2 

mg/mL stock in mQ water at t = 45 s. 10 and 50 µg/mL were monitored for both EYPC and 

EYPG. Finally, 30 µL of 1.2% Triton X-100 was added to the cuvette (0.012% final 

concentration) at t = 240 s to reach the maximum intensity. Fluorescence intensities were then 

normalized to the maximal emission intensity using I(t) = (It - I0) / (I∞ - I0) where I0 = It at peptide 

addition, I∞ = It at saturation of lysis. 

6.7 Time-killing assay 
 

A single colony of P. aeruginosa PAO1 was picked and grown overnight with shaking (180 

rpm) in LB (Sigma Aldrich, Buchs, Switzerland) medium 5 mL overnight at 37 °C. The 

overnight bacterial culture was diluted to OD600 0.002 (2 x 106 CFU/mL) in fresh MH medium. 

Stock solutions of AMPs in sterilized milliQ water were prepared in 1 mg/mL and were diluted 

to two times more than required concentration in fresh MH (Sigma Aldrich, Buchs, Switzerland) 

medium at pH 7.4. 100 µL prepared bacteria solution in MH and 100 µL samples in MH were 

mixed in 96-well microtiter plate (TPP, untreated, Corning Incorporated, Kennebunk, USA). 

Untreated bacteria at 1 x 106 CFU/mL were used as a growth control. 96-well microtiter plates 

were incubated in 37 °C with shaking (180 rpm). Surviving bacteria were quantified at 0, 0.5, 1, 

2, 3, 4, 5 and 6 hours by plating 10-fold dilutions of sample in sterilized normal saline on LB 

agar plates. LB agar plates were incubated at 37 °C for 10 hours and the number of individual 

colonies was counted at each time-point. The assay was performed in triplicate in the biosafety 

level 2 lab. 

6.8 Serum stability assay 
 

Human serum was diluted in 0.1 M filtered TRIS buffer pH 7.4 (25%, 1:3, v/v). Selected 

peptides were diluted in 0.1 M filtered TRIS buffer pH 7.4 to a concentration of 400 μM and 0.1 

mg/mL 4- hydroxybenzoic acid was added as internal standard. Aliquots of peptide solution (50 

μL) were added to aliquots of serum (50 uL) in sterile Eppendorf tubes, to reach a peptide 
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concentration of 200 μM during the assay. Samples were incubated at 37 °C under gentle stirring 

(350 rpm). Different samples (triplicates) were quenched at different time points (0/1/6/12/24 h) 

by precipitating serum proteins through the addition of (0.1 M) ZnSO4·7 H2O/ ACN (1:1) (0.1 

M, 100 μL) and cooling in ice bath for 10 minutes. Protein precipitates were pelleted under 

centrifugation and supernatants were then sampled and analyzed by LC-MS. Experiment 

controls included two references, one known to be degraded and one known to be undegraded. 

Peaks corresponding to the internal standard and the undegraded peptides were integrated, with 

the ratio peptide/standard at t = 0 h as 100%. 

6.9 Cytoxicity assay 
 

Cell culture. The A549 human lung adenocarcinoma cells are derived from a patient and were 

kindly given to us by Dr. Georgia Konstatinidou (Pharmacology institute, Bern University). 

HEK293T cells were obtained from ATCC (CRL-11268). A549 and HEK293 were cultured in 

an incubator at 37°C and 5% CO2 in RPMI-1640 (Gibco) and DMEM (Gibco) containing 10% 

fetal bovine serum (Thermo Fisher), 100 I.U./mL penicillin and 100 μg/mL streptomycin 

(Gibco). 

Cell-viability assay. The viability of the cells was assessed with an AlamarBlue assay® 

(ThermoFisher). Cells were seeded into 96 well plates, 4000 cells/well (HEK293) and 8000 

cells/well (A549), the day before the experiment. Cells were then treated with increasing 

concentration of the compound and incubated for 24 hours at 37 °C in the presence of 5% CO2. 

The next day, the medium was removed and replaced by a 10 % AlamarBlue® solution in full 

growth medium (DMEM or RPMI-1640). The cells were incubated for 3-5 hours at 37 °C with 

5% CO2 in a humidified atmosphere. The fluorescence was then measured on a Tecan Infinite 

M1000 Pro plate reader at λex 560 nm and λem 590 nm. The value was normalized according to 

the untreated cells. 

6.10 Crystallography experiment and data acquisition 
 

Suitable diffracting crystals were obtained via co-crystallization of the C-fucosylated derivatives 

with the bacterial lectin LecB. Sitting drop vapor diffusion method was used, screening 192 

different conditions per compound The lyophilized protein was dissolved in milli-Q water (5 

mg/ml) in the presence of salts (6 mM CaCl2 and MgCl2). The peptides were added to the protein 

at a 5:1 molar excess related to the LecB lectin monomer. Crystals were obtained within one to 

three months after mixing 1.5 μL of LecB ligand-complex with 1.5 μL of reservoir solution at 
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18 °C. All crystallization conditions were found in Index screens I/II (96 conditions) and Crystal 

Screen I/II (96 conditions) (Hampton Research, Laguna Niguel, CA, USA). Diffraction data 

were collected at the Paul Scherrer Institute (Villigen, Switzerland) on beamline X06DA PX-III 

using a DECTRIS PILATUS 2M-F detector and a multi-axis PRIGo goniometer. The structures 

were solved and visualized with the help of Phenix,274 ccp4,275 PyMol,276 coot277 and XDS.278 

6.11 Molecular Dynamics 
 

MD simulations were performed  using GROMACS189 software version 2018.1 and the 

GROMOS53a6 force field.279 The starting topologies were built from Pymol. A dodecahedral 

box was created around the peptide 1.0 nm from the edge of the peptide and filled with extended 

simple point charge water molecules. Sodium and chloride ions were added to produce an 

electroneutral solution at a final concentration of 0.15 M NaCl. The energy was minimized using 

a steepest gradient method to remove any close contacts before the system was subjected to a 

two-phase position-restrained MD equilibration procedure. The system was first allowed to 

evolve for 100 ps in a canonical NVT (N is the number of particles, V the system volume, and 

T the temperature) ensemble at 300 K before pressure coupling was switched on and the system 

was equilibrated for an additional 100 ps in the NPT (P is the system pressure) ensemble at 1.0 

bar. 

MD in the presence of DPC micelle. MD simulations in the presence of a DPC (n-

dodecylphosphocholine) micelle were performed as follows. Parameters and references for the 

DPC molecule for the GROMOS53a6 forcefield are given in the Supporting Information. 

Peptides were manually placed at a distance from the pre-equilibrated micelle (of 65 DPC 

molecules) equal to the diameter of said peptide. Box, solvation and NVT equilibration 

procedures were performed as explained previously. For each peptide/micelle system, 10 runs 

of 50 ns were generated to show the possibility for the peptide to either interact or diffuse away 

from the micelle. Then, runs of interest were extended up to 250 ns. Topology used for DPC 

molecules is described below.280 

 

; Charge from Chiu et al. 

; Chiu, S. W.; Clark, M.; Balaji, V.; Subramaniam, S.; Scott, H. L.; Jakobsson, E. Incorporation of surface tension into molecular dynamics 

simulation of an interface: a fluid phase lipid bilayer membrane. Biophys. J. 1995, 69, 1230-1245.  

; Atom types from GROMOS53A6 

; Oostenbrink, C.; Soares, T. A.; van der Vegt, N. F. A.; van Gunsteren, W. F. Validation of the 53A6 GROMOS force field. Eur. Biophys. J. 

2005, 34, 273-284.  

 

[ moleculetype ] 

; Name   nrexcl 

DPC  3 

 

[ atoms ] 
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;   nr    type   resnr  residu    atom    cgnr        charge          mass 

     1     CH3       1    DPC      C1       1         0.40  15.035  ; qtot: 0.25 

     2     CH3       1    DPC      C2       2         0.40  15.035  ; qtot: 0.50 

     3     CH3       1    DPC      C3       3         0.40  15.035 ; qtot: 0.75 

     4     NL        1    DPC      N4       4        -0.5  14.0067 ; qtot: 0.75 

     5     CH2       1    DPC      C5       5         0.30  14.027 ; qtot:  1.0 

     6     CH2       1    DPC      C6       6         0.40  14.027 ; qtot: 1.0 

     7      OA       1    DPC      O7       7        -0.80  15.999 ; qtot: 0.64 

     8       P       1    DPC      P8       8         1.7  30.973 ; qtot : 1.63 

     9      OM       1    DPC      O9       9        -0.8 15.999 ; qtot: 0.995 

    10      OM       1    DPC     O10      10        -0.8 15.999 ; qtot: 0.36 

    11      OA       1    DPC     O11      11        -0.7  15.999 ; qtot: 0.0 

    12     CH2       1    DPC     C12      12         0.0   14.027  ; qtot: 0  

    13     CH2       1    DPC     C13      13         0.0   14.027  ; qtot: 0  

    14     CH2       1    DPC     C14      14         0.0   14.027  ; qtot: 0  

    15     CH2       1    DPC     C15      15         0.0   14.027  ; qtot: 0  

    16     CH2       1    DPC     C16      16         0.0   14.027  ; qtot: 0  

    17     CH2       1    DPC     C17      17         0.0   14.027  ; qtot: 0  

    18     CH2       1    DPC     C18      18         0.0   14.027  ; qtot: 0  

    19     CH2       1    DPC     C19      19         0.0   14.027  ; qtot: 0  

    20     CH2       1    DPC     C20      20         0.0   14.027  ; qtot: 0  

    21     CH2       1    DPC     C21      21         0.0   14.027  ; qtot: 0  

    22     CH2       1    DPC     C22      22         0.0   14.027  ; qtot: 0  

    23     CH3       1    DPC     C23      23         0.0   15.035  ; qtot: 0  

 

 

[ bonds ] 

;  ai    aj funct            c0            c1            c2            c3 

 

    1     4     2    gb_21 

    2     4     2    gb_21 

    3     4     2    gb_21 

    4     5     2    gb_21 

    5     6     2    gb_27 

    6     7     2    gb_18 

    7     8     2    gb_28 

    8     9     2    gb_24 

    8    10     2    gb_24 

    8    11     2    gb_28 

   11    12     2    gb_18 

   12    13     2    gb_27 

   13    14     2    gb_27 

   14    15     2    gb_27 

   15    16     2    gb_27  

   16    17     2    gb_27 

   17    18     2    gb_27 

   18    19     2    gb_27 

   19    20     2    gb_27 

   20    21     2    gb_27 

   21    22     2    gb_27 

   22    23     2    gb_27 

 

[ pairs ] 

;  ai    aj funct 

    1     6     1  

    2     6     1  

    3     6     1  

    4     7     1  

    5     8     1  

    6     9     1  

    6    10     1  

    6    11     1  

    7    12     1  

    8    13     1  

    9    12     1  

   10    12     1  

   11    14     1  

;   12    15     1  

;   13    16     1  

;   14    17     1  

;   15    18     1  

;   16    19     1  

;   17    20     1  

;   18    21     1  

;   19    22     1  

;   20    23     1  
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[ angles ] 

;  ai    aj    ak funct 

    1     4     2     2    ga_13 

    1     4     3     2    ga_13 

    1     4     5     2    ga_13 

    2     4     3     2    ga_13 

    2     4     5     2    ga_13 

    3     4     5     2    ga_13 

    4     5     6     2    ga_15 

    5     6     7     2    ga_15 

    6     7     8     2    ga_26 

    7     8     9     2    ga_14 

    7     8    10     2    ga_14 

    7     8    11     2    ga_5 

    9     8    10     2    ga_29 

   10     8    11     1    ga_14 

    8    11    12     1    ga_26 

   11    12    13     1    ga_15  

   12    13    14     1    ga_15 

   13    14    15     1    ga_15 

   14    15    16     1    ga_15 

   15    16    17     1    ga_15 

   16    17    18     1    ga_15 

   17    18    19     1    ga_15 

   18    19    20     1    ga_15 

   19    20    21     1    ga_15 

   20    21    22     1    ga_15 

   21    22    23     1    ga_15 

 

[ dihedrals ] 

;  ai    aj    ak    al funct 

    1     4     5     6     1 gd_29 

    4     5     6     7     1 gd_4 

    4     5     6     7     1 gd_36 

    5     6     7     8     1 gd_29 

; 

; define gd_20     0.000       5.09          2 

; O-P-O- (dna, lipids)  1.2 

    6     7     8     9     1 gd_20 

    7     8    11    12     1 gd_27 

    8    11    12    13     1 gd_29 

   11    12    13    14     1 gd_1 

   12    13    14    15     1 gd_34 

   13    14    15    16     1 gd_34 

   14    15    16    17     1 gd_34 

   15    16    17    18     1 gd_34 

   16    17    18    19     1 gd_34 

   17    18    19    20     1 gd_34 

   18    19    20    21     1 gd_34 

   19    20    21    22     1 gd_34 

   20    21    22    23     1 gd_34 

 

Clustering of stable structures. To obtain a representative conformer for each SA-MD 

run, the last 100 ns (10001 frames) of each run were clustered using an RMSD cut-off adapted 

to get a good balance between the number of clusters and the size of the main cluster. Many 

clusters combined with a very large percentage of structures in the top cluster is an indication of 

the stability of the one main conformer in each case. The PyMol Molecular Graphics System, 

version 1.8 (Schrödinger, LLC), was used to create structural models. 
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8. Supporting Information 
 

8.1 SI for X-ray structure of a short α-helical mixed-chirality AMPs 
 

 

 

 

Peptide synthesis 

 

 
Table S1.1: Synthesis of linear AMPs. 

 
Cpd. Sequencea) SPPS yieldb) MS analysisc) Analytical HPLCd) 

  mg (%) calc./obs. tR (min) 

Fln65 *KKLLKLLKLLL 21.9 (11.0) 1510.07/1510.43 3.95 
Fdln65 *kkllkllklll 9.8 (8.0) 1510.07/1510.50 3.95 
Fln69 *kkLLkLLkLLL 38.2 (19.0) 1510.07/1509.89 3.45 
Fdln69 *KKllKllKlll 12.9 (13.0) 1510.07/1510.08 3.45 

a) One letter code for amino acid. D- amino acids in lower case. * = α-L-fucosyl acetyl moiety. b) Yields given for 

RP-HPLC purified products. c) High-resolution electrospray ionization mass spectrometry (positive mode), the 
calculated monoisotopic mass and the observed mass are given. d) retention time in analytical RP-HPLC (A/D = 

100/0 to 0/100 in 7.0 min, λ = 214 nm). 
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Crystallography 

 
Table S1.2: Data collection and refinement statistics for the X-ray structure of the Fln65·LecB complex. 

Structural data Fln65·LecB 

Beam line PSI PXIII 

Wavelength(Å) 0.976 

Resolution(Å) 48.6-1.5 (1.515-1.507)a) 

Cell dimension  

Space group 4, P 1 21 1 

Unit cell(Å) a = 74.5, b = 64.3, c = 118.9; 

α = 90°, β = 94.9°, γ = 90° 

Measured reflection / unique 1071279/336482 

Average multiplicity 3.2 (2.4) 

Completeness (%) 96.2 (89.8) 

Average I / σ(I) 8.23 (1.23) 

Correlation CC (1/2) (%) 99.7 (68.5) 

Rmeas (%) 11.7 (93.3) 

Wilson B-factor (Å2) 12.8 

Refinement  

Resolution range (Å) 48.59-1.51 

Rwork (%) 18.21 

Rfree (%) 20.60 

Average Biso (Å2) 89.1 

RMSD from ideality angles (°) 1.025 

Bonds (Å) 0.008 

Water molecules 1415 

Ligand molecules 8 

Protein Data Bank deposition code 7NEF 
a) Values in brackets correspond to the outer shell. 
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Figure S1.1: Details of the X-ray structure of the Fln65·LecB complex in P 1 21 1. (a-h) Asymmetric peptide 

entities with corresponding electron density map as blue mesh, with Ca2+ atoms shown as magenta spheres and the 

bound LecB monomer as green cartoon. (i) Amphiphilic arrangement of leucine and lysine residues along the α-

helix. Amino acid side chains are color-coded. Red: leucine, blue: lysine. (j) View of the unit cell including LecB 

subunits and the bound peptides. Peptides are shown as spheres and bound lectin monomers are displayed as cartoon 

of the same color. 
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Table S1.3: Data collection and refinement statistics for the X-ray structure of the Fdln69·LecB complex. 

Structural data Fdln69·LecB 

Beam line PSI PXIII 

Wavelength(Å) 0.976 

Resolution(Å) 48.3-2.0 (2.027-2.017)a) 

Cell dimension  

Space group 5, C 1 2 1 

Unit cell(Å) a = 130.6, b = 64.8, c = 73.6; 

α = 90°, β = 113.3°, γ = 90° 

Measured reflection / unique 252919/71291 

Average multiplicity 3.5 (3.5) 

Completeness (%) 97.5 (96.1) 

Average I / σ(I) 6.89 (1.01) 

Correlation CC (1/2) (%) 99.5 (51.2) 

Rmeas (%) 16.7 (139.3) 

Wilson B-factor (Å2) 32.0 

Refinement  

Resolution range (Å) 40.03-2.02 

Rwork (%) 20.70 

Rfree (%) 22.80 

Average Biso (Å2) 161.2 

RMSD from ideality angles (°) 0.702 

Bonds (Å) 0.003 

Water molecules 236 

Ligand molecules 4 

Protein Data Bank deposition code 7NEW 
a) Values in brackets correspond to the outer shell. 
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Figure S1.2: Details of the X-ray structure of the Fdln69·LecB complex in C 1 2 1. a-d) Asymmetric peptide 

entities with corresponding electron density map as blue mesh, with Ca2+ atoms shown as magenta spheres and the 

bound LecB monomer as green cartoon. e) Amphiphilic arrangement of leucine and lysine residues along the α-

helix. Amino acid side chains are color-coded. Brown: leucine, blue: lysine. f) View of the unit cell including LecB 

subunits and the bound peptides. Peptides are shown as spheres and bound lectin monomers are displayed as cartoon 

of the same color. 
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HPLC and HRMS data 

(*)KKLLKLLKLLL (Fln65) was obtained as foamy white solid after preparative RP-HPLC 

(21.9 mg, 11.0 %). * = α-L-fucosyl-acetyl group. Analytical RP-HPLC: tR = 3.95 min (A/D 

100:0 to 0:100 in 7.0 min, λ = 214nm). MS (ESI+): C74H140N16O16 calc./obs. 1510.07/1510.43 

Da [M+H]+. 
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(*)kkllkllklll (Fdln65) was obtained as foamy white solid after preparative RP-HPLC (9.8 mg, 

8.0 %). * = α-L-fucosyl-acetyl group. Analytical RP-HPLC: tR = 3.95 min (A/D 100:0 to 0:100 

in 7.0 min, λ = 214nm). MS (ESI+): C74H140N16O16 calc./obs. 1510.08/1510.50 Da [M+H]+. 
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(*)kkLLkLLkLLL (Fln69) was obtained as foamy white solid after preparative RP-HPLC 

(38.2 mg, 19.0 %). * = α-L-fucosyl-acetyl group. Analytical RP-HPLC: tR = 3.45 min (A/D 

100:0 to 0:100 in 7.0 min, λ = 214nm). MS (ESI+): C74H140N16O16 calc./obs. 1510.07/1509.89 

Da [M+H]+. 
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(*)KKllKllKlll (Fdln69) was obtained as foamy white solid after preparative RP-HPLC (12.9 

mg, 13.0 %). * = α-L-fucosyl-acetyl group. Analytical RP-HPLC: tR = 3.45 min (A/D 100:0 to 

0:100 in 7.0 min, λ = 214nm). MS (ESI+): C74H140N16O16 calc./obs. 1510.07/1510.08 Da 

[M+H]+. 
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8.2 SI for To Fold or Not to Fold: Diastereomeric Optimization of 

an α-helical Antimicrobial Peptide 
 

Peptide synthesis 
  
Table S2.1: Synthesis of linear AMPs. 

Cpd. Sequencea) SPPS yieldb) MS analysisc) Analytical HPLCd) 

  mg (%) calc./obs. tR (min) 

ln65 KKLLKLLKLLL 84.0 (58.0) 1320.99/1320.99 1.66 
dln65 kkllkllklll 34.9 (24.1) 1320.99/1322.00 1.62 
ln69 kkLLkLLkLLL 102.6 (70.9) 1320.99/1320.99 1.55 
dln69 KKllKllKlll 69.7 (44.6) 1320.99/1322.00 1.52 
sr-ln65 KKLLKLLKLLL 64.6 (41.3) 1320.99/1321.00 1.58 
sr-ln65L6 KKLLKLLKLLL 77.3 (49.4) 1320.99/1322.00 1.56 
HP1 KkLLKLLKLLL 53.0 (47.7) 1320.99/1321.00 1.67 
HP2 kkLLKLLKLLL 56.7 (51.0) 1320.99/1320.99 1.66 
HP3 KkLLkLLKLLL 50.1 (45.1) 1320.99/1322.00 1.61 
HP4 KkLlKLLKLLL 42.6 (38.3) 1320.99/1322.00 1.74 
HP5 kKLLKLLKLLl 49.1 (44.2) 1320.99/1322.00 1.65 
HP6 KKLLKllKLLL 49.3 (44.4) 1320.99/1322.00 1.53 
HP7 kkLLKLLKLLl 60.6 (54.5) 1320.99/1322.00 1.62 
HP8 KkllKLLKLLL 46.9 (42.2) 1320.99/1322.00 1.63 
HP9 KKLLkllKLLL 63.9 (57.5) 1320.99/1322.00 1.52 
HP10 kkLLkLLKLLL 50.0 (45.0) 1320.99/1322.00 1.60 
HP11 KkllKLlKLLL 31.5 (35.4) 1320.99/1322.00 1.60 
HP12 KkllKlLKLLL 26.8 (30.1) 1320.99/1322.00 1.60 
HP13 KKLLkllkLLL 37.4 (42.1) 1320.99/1322.00 1.53 
HP14 KKllKllKLLL 33.7 (37.9) 1320.99/1322.00 1.53 
HP15 KKlLkLlKlLL 34.5 (38.8) 1320.99/1322.00 1.60 
HP16 KKLlkLLklLL 16.0 (18.0) 1320.99/1322.00 1.59 
HP17 KklLKLLKllL 29.0 (26.1) 1320.99/1322.00 1.61 
HP18 kkLLKLLKLll 36.3 (32.7) 1320.99/1320.99 1.58 
HP19 kkLLkLLKLLl 53.0 (47.7) 1320.99/1322.00 1.56 
HP20 KKllKLLklLL 51.4 (46.3) 1320.99/1322.00 1.52 
HP21 KklLKlLKlLL 64.2 (65.7) 1320.99/1322.00 1.60 
HP22 KKllKLlKLlL 45.9 (46.9) 1320.99/1322.00 1.55 
HP23 KKLlkLLkLLl 64.7 (66.2) 1320.99/1322.00 1.56 
HP24 KkllKllKLLL 54.7 (49.2) 1320.99/1322.00 1.56 
HP25 KKllKllKlLL 38.8 (34.9) 1320.99/1322.00 1.55 
HP26 kkLLkLLKLll 52.6 (47.3) 1320.99/1322.00 1.57 
HP27 kkLLkLLkLLl 53.7 (48.3) 1320.99/1322.00 1.54 
HP28 kKLLkllKLLl 45.6 (41.0) 1320.99/1322.00 1.55 
HP29 KKLlkllkLLL 59.3 (53.4) 1320.99/1322.00 1.58 
HP30 KkLlKlLkLlL 35.7 (32.1) 1320.99/1322.00 1.57 
HP31 kKlLkLlKlLl 45.3 (40.8) 1320.99/1322.00 1.57 
HP32 RRLLRLLRLLL 32.5 (27.5) 1433.02/1434.03 1.64 
HP33 rrLLrLLrLLL 44.3 (37.5) 1433.02/1434.03 1.52 
HP34 KKIIKIIKIII 35.1 (31.6) 1320.99/1322.00 1.44 
HP35 kkIIkIIkIII 29.3 (26.4) 1320.99/1322.00 1.36 
HP36 RRIIRIIRIII 7.7 (6.5) 1433.02/1434.03 1.47 
HP37 rrIIrIIrIII 38.7 (32.8) 1433.02/1434.03 1.68 
2ln65 (KKLLKLLKLLL)2 119.3 (38.3) 2624.96/2625.67 2.38 
2ln69 (kkLLkLLkLLL)2 85.8 (27.6) 2624.96/2625.97 1.85 
FHP1 (*)KkLLKLLKLLL 2.9 (3.9) 1509.06/1511.07 1.76 
FHP2 (*)kkLLKLLKLLL 0.6 (0.8) 1509.06/1510.07 1.73 
FHP3 (*)KkLLkLLKLLL 4.5 (6.1) 1509.06/1510.07 1.67 
FHP4 (*)KkLlKLLKLLL 4.5 (6.1) 1509.06/1510.07 1.74 
FHP5 (*)kKLLKLLKLLl 4.3 (5.8) 1509.06/1510.07 1.66 
FHP7 (*)kkLLKLLKLLl 3.4 (4.6) 1509.06/1510.07 1.63 
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FHP8 (*)KkllKLLKLLL 5.7 (7.7) 1509.06/1510.06 1.63 
FHP10 (*)kkLLkLLKLLL 4.0 (5.4) 1509.06/1510.07 1.67 
FHP11 (*)KkllKLlKLLL 16.9 (17.2) 1509.06/1510.07 1.63 
FHP30 (*)KkLlKlLkLlL 9.0 (12.2) 1509.06/1510.06 1.62 
FHP31 (*)kKlLkLlKlLl 5.7 (7.7) 1509.06/1510.07 1.62 
FHP32 (*)RRLLRLLRLLL 5.7 (7.3) 1621.09/1621.09 1.79 
FHP33 (*)rrLLrLLrLLL 2.5 (3.2) 1621.09/1621.09 1.62 

a) One letter code for amino acid. D- amino acids in lower case. (*) = α-L-fucosyl acetyl moiety. b) Yields given for 

RP-HPLC purified products. c) High-resolution electrospray ionization mass spectrometry (positive mode), the 

calculated monoisotopic mass and the observed mass are given. d) retention time in analytical RP-HPLC (A/D = 

100/0 to 0/100 in 3.5 min, λ = 214 nm). 

 

Circular dichroism spectroscopy 
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Figure S2.1: Circular dichroism spectra of linear peptides at 0.100 mg/mL in 7 mM phosphate buffer pH 7.4 with 

different amount of TFE and 5 mM DPC. 
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Table S2.2: Dichroweb analysis of linear peptides. 

Cpd. Sequence a) CD α/β/t/u (%) b) 

  PB Buffer 10% TFE 20% TFE 5 mM DPC 

sr-ln65 KKLLKLLKLLL 5/42/21/32 7/39/22/32 10/37/22/31 10/36/23/31 

sr-ln65L6 KKLLKLLKLLL 9/35/24/32 11/36/23/31 17/30/22/31 17/32/22/29 

ln65 KKLLKLLKLLL 14/24/27/35 37/12/24/27 64/3/17/16 73/2/15/10 

dln65 kkllkllklll 11/18/24/37 45/9/20/26 61/3/16/20 67/2/14/17 

ln69 kkLLkLLkLLL 11/30/24/35 10/30/25/35 34/20/20/26 61/6/16/17 

dln69 KKllKllKlll 8/34/23/35 7/36/22/35 28/23/20/29 59/13/15/23 

HP1 KkLLKLLKLLL 18/22/24/36 43/18/20/19 69/3/16/12 73/2/14/11 

HP2 kkLLKLLKLLL 16/23/27/34 35/24/21/20 60/3/17/20 69/2/15/14 

HP3 KkLLkLLKLLL 13/30/23/34 24/22/25/29 56/8/16/20 69/3/15/13 

HP4 KkLkLLKLLL 11/33/23/33 15/31/24/30 27/25/21/27 46/17/16/21 

HP5 kKLLKLLKLLl 16/19/28/37 40/7/23/30 84/0/12/4 90/0/10/0 

HP6 KKLLKllKLLL 9/32/24/35 9/22/24/34 16/30/24/30 29/23/22/26 

HP7 kkLLKLLKLLl 14/25/27/34 23/21/25/31 59/2/22/17 60/6/17/17 

HP8 KkllKLLKLLL 9/36/23/32 16/33/23/28 22/28/23/27 37/22/19/22 

HP9 KKLLkllKLLL 8/34/24/34 9/34/24/33 9/35/22/34 10/33/25/32 

HP10 kkLLkLLKLLL 12/26/26/36 35/19/21/25 72/2/13/13 90/1/9/0 

HP11 KkllKLlKLLL 14/32/22/32 18/31/21/30 38/22/18/22 52/15/14/18 

HP12 KkllKlLKLLL 8/37/23/32 10/37/22/31 12/36/22/30 17/34/21/28 

HP13 KKLLkllkLLL 11/31/26/32 6/37/22/35 11/30/24/35 9/34/24/33 

HP14 KKllKllKLLL 7/37/23/33 5/40/23/32 8/37/24/31 13/33/23/31 

HP15 KKlLkLlKlLL 9/35/23/33 8/36/25/31 6/41/21/32 6/39/23/32  

HP16 KKLlkLLklLL 8/36/24/32 39/23/16/22 56/5/20/19 8/31/19/22 

HP17 KklLKLLKllL 8/35/24/33 7/38/22/33 17/31/22/30 16/33/22/29 

HP18 kkLLKLLKLll 13/24/27/36 18/26/23/33 56/4/21/19 63/3/17/17 

HP19 kkLLkLLKLLl 13/29/25/33 16/28/24/32 44/13/21/22 55/6/20/19 

HP20 KKllKLLklLL 7/38/23/32 8/38/23/31 9/35/25/31 15/37/20/28 
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HP21 KklLKlLKlLL 8/37/23/32 8/38/22/32 11/37/22/30 11/35/22/32 

HP22 KKllKLlKLlL 8/37/23/32 8/36/22/34 13/34/22/31 23/30/19/28 

HP23 KKLlkLLkLLl 10/35/23/32 8/36/23/33 11/36/23/30 10/35/24/31 

HP24 KkllKllKLLL 7/39/22/32 7/39/23/31 8/38/23/31 7/39/22/32 

HP25 KKllKllKlLL 6/39/22/33 5/40/21/34 5/40/21/34 12/34/22/32 

HP26 kkLLkLLKLll 9/33/24/34 12/33/24/31 24/26/22/28 41/18/19/22 

HP27 kkLLkLLkLLl 9/34/24/33 10/33/24/33 14/32/22/32 23/27/21/29 

HP28 kKLLkllKLLl 8/35/23/34 10/32/24/34 10/33/25/32 10/33/24/33 

HP29 KKLlkllkLLL 6/39/22/33 7/36/24/33 7/35/23/35 7/38/22/33 

HP30 KkLlKlLkLlL  6/38/22/34 10/35/23/32 7/38/23/32 7/37/23/33 

HP31 kKlLkLlKlLl 5/38/22/35 4/40/21/35 6/39/21/34 5/39/20/36 

HP32 RRLLRLLRLLL 16/27/24/33 32/25/20/23 56/5/17/22 62/3/16/19 

HP33 rrLLrLLrLLL 10/30/25/35 14/29/23/34 32/21/19/28 63/5/16/16 

HP34 KKIIKIIKIII 12/26/27/35 16/32/20/32 21/29/20/30 68/3/15/14 

HP35 kkIIkIIkIII 10/32/23/35 12/30/24/34 22/23/23/32 22/22/19/27 

HP36 RRIIRIIRIII 12/27/26/35 14/33/20/33 39/16/18/27 60/4/18/18 

HP37 rrIIrIIrIII 7/34/23/36 10/33/23/34 11/32/23/34 50/11/16/23 

2ln65 (KKLLKLLKLLL)2 58/14/18/10 68/3/9/10 94/1/5/0 91/1/7/1 

2ln69 (kkLLkLLkLLL)2 20/28/21/31 73/5/11/11 80/5/13/2 82/3/9/6 

a) One letter code for amino acids. D- amino acids are in lower case and stereorandomized residues are underlined. 
b) CD spectra were recorded at 0.100 mg/mL in aqueous 7 mM phosphate buffer pH 7.4 with addition of 0, 10 and 

20% TFE or 5 mM DPC. The primary CD spectra were analyzed using Dichroweb and the percentages of α-helical 

(α), β-sheet (β), turns (t) and unordered (u) signals were extracted. The Contin-LL method and reference set 4 were 

used.178 
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Vesicle leakage assay 
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Figure S2.2: Vesicle leakage experiments using 5(6)-carboxyfluorescein induced by peptides. EYPG and EYPC 

vesicles were suspended in buffer (10 mM Tris, 107 mM NaCl, pH 7.4) and the indicated concentration of the 

compound was added after 45 seconds. After 240 seconds 30 μL of Triton X-100 1.2% was added for full release 

of the fluorescein. 
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Time kill kinetics assay 
 

 

 

 

Figure S2.3: Bacteria killing assay at pH 7.4 against P. aeruginosa PAO1 at a concentration of 4 × MIC. Data are 

given as the mean ± SD, n = 3. A value of log10 of 0 means no colony was observed. 
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Serum stability assay 
 

 

 

Figure S2.4: Serum stability of mixed-chirality peptides in 12.5% human serum in 0.1 M filtered TRIS buffer pH 
7.4. Normalized undegraded peptides values were determined by RP-HPLC analysis using hydroxybenzoic acid as 

internal standard. Data from triplicate experiments. 
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Cytotoxicity assay 
 

 

 

Figure S2.5: Cytotoxicity ln65, ln69, dln69, HP1, HP3, HP4, HP5, HP7, HP8, HP10 and HP11 on HEK293 

cells. The data of three experiments with three replicates per sample were pooled and represented as barplots. The 

cells were treated with the desired concentration of compound for 24 h and their viability was measured with an 

Alamar Blue assay. 
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Figure S2.6: Cytotoxicity ln65, ln69, dln69, HP1, HP3, HP4, HP5, HP7, HP8, HP10 and HP11 on A549 cells. 

The data of three experiments with three replicates per sample were pooled and represented as barplots. The cells 

were treated with the desired concentration of compound for 24 h and their viability was measured with an Alamar 

Blue assay. 
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Crystallography 
 

 

Table S2.3: Data collection and refinement statistics for the X-ray structure of the FHP5·LecB complex. 

Structural data FHP5·LecB 

Beam line PSI PXIII 

Wavelength (Å) 1.000 

Resolution (Å) 50.0-1.3 (1.35-1.27)a) 

Cell dimension  

Space group 4, P 1 21 1 

Unit cell (Å) a = 52.8, b = 62.8, c = 64.2 

α = 90.0°, β = 92.8°, γ = 90.0° 
Measured reflection / unique 660242/211407 

Average multiplicity 3.1 (2.4) 

Completeness (%) 98.9 (92.4) 

Average I / σ(I) 9.16 (1.08) 

Correlation CC1/2 (%) 99.8 (71.7) 

Rmeas (%) 6.9 (84.1) 

Wilson β-factor (Å2) 13.0 

Refinement  

Resolution range (Å) 44.90-1.27 

Rwork (%) 16.27 

Rfree (%) 19.19 

Average Biso (Å2) 99.3 

RMSD from ideal angles (°) 1.005 

Bonds (Å) 0.007 

Water molecules 492 

Ligand molecules 4 

Protein data Bank deposition code 8AN9 

 
a) Values in brackets correspond to the outer shell.  
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Figure S2.7: Details of the X-ray structure of the FHP5·LecB complex in P 1 21 1. (a-d) Asymmetric peptide 

entities with corresponding electron density map as blue mesh, Ca2+ atoms as magenta spheres and the bound LecB 

monomer as green cartoon. Electron density is shown for a 1.0σ level. (e) Incomplete bundles of four different 

asymmetric complete and incomplete peptides Same color code as in (a). (f) View of the unit cell including LecB 

subunits, Ca2+ atoms and the bound peptides. Peptides are shown as sticks, Ca2+ atoms as spheres and lectin 

monomers are displayed as cartoon of the same color. 
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Table S2.4: Data collection and refinement statistics for the X-ray structure of the FHP8·LecB complex. 

Structural data FHP8·LecB 

Beam line PSI PXIII 

Wavelength (Å) 1.000 

Resolution (Å) 50.0-1.3 (1.36-1.29)a) 

Cell dimension  

Space group 4, P 1 21 1 

Unit cell (Å) a = 52.8, b = 62.9, c = 64.6 

α = 90.0°, β = 92.9°, γ = 90.0° 

Measured reflection / unique 660731/207353 

Average multiplicity 3.2 (2.6) 

Completeness (%) 99.0 (92.7) 

Average I / σ(I) 8.08 (0.81) 

Correlation CC1/2 (%) 99.7 (81.0) 

Rmeas (%) 9.9 (143.3) 

Wilson β-factor (Å2) 10.7 

Refinement  

Resolution range (Å) 45.00-1.29 

Rwork (%) 16.66 

Rfree (%) 20.17 

Average Biso (Å2) 83.8 

RMSD from ideal angles (°) 1.225 

Bonds (Å) 0.012 

Water molecules 570 

Ligand molecules 4 

Protein data Bank deposition code 8ANO 

a) Values in brackets correspond to the outer shell.  
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Figure S2.8: Details of the X-ray structure of the FHP8·LecB complex in P 1 21 1. (a-d) Asymmetric peptide 

entities with corresponding electron density map as blue mesh, Ca2+ atoms as magenta spheres and the bound LecB 

monomer as green cartoon. Electron density is shown for a 1.0σ level. (e) Incomplete bundles of four different 

asymmetric complete and incomplete peptides Same color code as in (a). (f) View of the unit cell including LecB 
subunits, Ca2+ atoms and the bound peptides. Peptides are shown as sticks, Ca2+ atoms as spheres and lectin 

monomers are displayed as cartoon of the same colour.  
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Table S2.5: Data collection and refinement statistics for the X-ray structure of the FHP30·LecB complex. 

Structural data FHP30·LecB 

Beam line PSI PXIII 

Wavelength (Å) 1.000 

Resolution (Å) 50.0-1.6 (1.72-1.62)a) 

Cell dimension  

Space group 94, P 42 21 2 

Unit cell (Å) a = 70.7, b = 70.7, c = 103.4 

α = 90.0°, β = 90.0°, γ = 90.0° 

Measured reflection / unique 885904/63954 

Average multiplicity 13.9 (13.4) 

Completeness (%) 100.0 (99.9) 

Average I / σ(I) 15.46 (0.98) 

Correlation CC1/2 (%) 99.9 (37.8) 

Rmeas (%) 15.2 (284.0) 

Wilson β-factor (Å2) 18.1 

Refinement  

Resolution range (Å) 45.00-1.62 

Rwork (%) 14.82 

Rfree (%) 18.34 

Average Biso (Å2) 83.1 

RMSD from ideal angles (°) 0.802 

Bonds (Å) 0.005 

Water molecules 266 

Ligand molecules 2 

Protein data Bank deposition code 8ANR 

a) Values in brackets correspond to the outer shell.  
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Figure S2.9: Details of the X-ray structure of the FHP30·LecB complex in P 42 21 2. (a-b) Asymmetric peptide 

entities with corresponding electron density map as blue mesh, Ca2+ atoms as magenta spheres and the bound LecB 

monomer as green cartoon. Electron density is shown for a 1.0σ level. (c) View of the unit cell including LecB 

subunits, Ca2+ atoms and the bound peptides. Peptides are shown as sticks, Ca2+ atoms as spheres and lectin 

monomers are displayed as cartoon of the same color. (d) Hydrogen bonds (yellow dashed lines) between lectin B 

monomers and FHP30 (chain C). 
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Table S2.6: Data collection and refinement statistics for the X-ray structure of the FHP31·LecB complex. 

Structural data FHP31·LecB 

Beam line PSI PXIII 

Wavelength (Å) 1.000 

Resolution (Å) 50.0-1.2 (1.25-1.18)a) 

Cell dimension  

Space group 4, P 1 21 1 

Unit cell (Å) a = 52.8, b = 62.7, c = 64.4 

α = 90.0°, β = 93.2°, γ = 90.0° 

Measured reflection / unique 714411/235325 

Average multiplicity 3.0 (1.3) 

Completeness (%) 90.1 (35.0) 

Average I / σ(I) 20.70 (2.50) 

Correlation CC1/2 (%) 99.9 (81.2) 

Rmeas (%) 4.4 (46.5) 

Wilson β-factor (Å2) 9.4 

Refinement  

Resolution range (Å) 44.88-1.18 

Rwork (%) 12.68 

Rfree (%) 15.14 

Average Biso (Å2) 60.1 

RMSD from ideal angles (°) 1.196 

Bonds (Å) 0.009 

Water molecules 656 

Ligand molecules 4 

Protein data Bank deposition code 8AOO 

a) Values in brackets correspond to the outer shell.  
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Figure S2.10: Details of the X-ray structure of the FHP31·LecB complex in P 1 21 1. (a-d) Asymmetric peptide 

entities with corresponding electron density map as blue mesh, Ca2+ atoms as magenta spheres and the bound LecB 

monomer as green cartoon. Electron density is shown for a 1.0σ level. (e) View of the unit cell including LecB 
subunits, Ca2+ atoms and the bound peptides. Peptides are shown as sticks, Ca2+ atoms as spheres and lectin 

monomers are displayed as cartoon of the same color. (f) H-bonds interaction (yellow dashed lines) between FHP31 

(grey stick) and lectin monomer (green stick). (g) Incomplete bundle of four different complete and incomplete 

peptides. Same color code as in (a). 
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Molecular Dynamics 

 

 

Figure S2.11: MD simulations of dln69 with and without DPC micelle. (a) Average structure (stick model) in 

presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 

are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water.  
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Figure S2.12: MD simulations of HP1 with and without DPC micelle. (a) Average structure (stick model) in 

presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 

are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water.  
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Figure S2.13: MD simulations of HP2 with and without DPC micelle. (a) Average structure (stick model) in 

presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 

are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water.  
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Figure S2.14: MD simulations of HP3 with and without DPC micelle. (a) Average structure (stick model) in 

presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 

are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water.  
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Figure S2.15: MD simulations of HP4 with and without DPC micelle. (a) Average structure (stick model) in 
presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 

are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water.  
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Figure S2.16: MD simulations of HP7 with and without DPC micelle. (a) Average structure (stick model) in 

presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 

are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water.  
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Figure S2.17: MD simulations of HP8 with and without DPC micelle. (a) Average structure (stick model) in 

presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 

are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water.  
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Figure S2.18: MD simulations of HP10 with and without DPC micelle. (a) Average structure (stick model) in 

presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 
are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water.  
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Figure S2.19: MD simulations of HP11 with and without DPC micelle. (a) Average structure (stick model) in 

presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 

are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water.  
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Figure S2.20: MD simulations of HP16 with and without DPC micelle. (a) Average structure (stick model) in 

presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 

are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water.  
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Figure S2.21: MD simulations of HP29 with and without DPC micelle. (a) Average structure (stick model) in 

presence of DPC micelle over 100 structures sampled during the last 100 ns (thin lines). Hydrophobic side chains 

are colored in red and cationic side chains are colored in blue. (b) Same as (a) for run in water. (c) Comparison of 

root-mean square deviation of the peptide backbone relative to starting coordinates of the α-helix built in PyMol 

between run with DPC and run in water. (d) Comparison of the number of intramolecular backbone hydrogen bonds 

between run with DPC and run in water. 
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Statistical Analysis 
 

 

 

 

 

 
Figure S2.22: Scatter plot of % helicity in 5 mM DPC against log2(MIC) for (a) E. coli, (b) PAO1, (c) K. 

pneumoniae and (d) MRSA.  
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Figure S2.23: Principal Components Analysis visualization of dataset measured on ln65 derivatives using Faerun 

Each point represents one compound and is colour coded depending on (a) activity on E. coli W3110, (b) activity 

on P. aeruginosa PAO1, (c) activity on K. pneumoniae NCTC418 (d) activity on S. aureus COL, (e) percentage of 

EYPG vesicles leakage, (f) percentage of EYPC vesicles leakage and (g) α-helicity in 5 mM DPC. 
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HPLC-MS and HRMS data  
 

 

KKLLKLLKLLL (ln65) was obtained as white solid after preparative RP-HPLC (84.0 mg, 

58.0%). Analytical RP-HPLC: tR = 1.66 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1320.99/1320.99 Da [M]. 

 

 
 

 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kkllkllklll (dln65) was obtained as white solid after preparative RP-HPLC (34.9 mg, 24.1%). 

Analytical RP-HPLC: tR = 1.62 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS (ESI+): 

C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 

 
Analytical HPLC-MS data: 
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HRMS spectra: 
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kkLLkLLkLLL (ln69) was obtained as white solid after preparative RP-HPLC (102.6 mg, 

70.9%). Analytical RP-HPLC: tR = 1.55 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1320.99/1320.99 Da [M]. 

 

 
 

 

 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKllKllKlll (dln69) was obtained as white solid after preparative RP-HPLC (69.7 mg, 44.6%). 

Analytical RP-HPLC: tR = 1.52 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS (ESI+): 

C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKLLKLLKLLL (sr-ln65) was obtained as white solid after preparative RP-HPLC (64.6 mg, 

41.3%). Analytical RP-HPLC: tR = 1.58 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1320.99/1321.00 Da [M]. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKLLKLLKLLL (sr-ln65L6) was obtained as white solid after preparative RP-HPLC (77.3 

mg, 49.4%). Analytical RP-HPLC: tR = 1.56 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). 

MS (ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KkLLKLLKLLL (HP1) was obtained as white solid after preparative RP-HPLC (53.0 mg, 

47.7%). Analytical RP-HPLC: tR = 1.67 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1320.99/1321.00 Da [M]. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kkLLKLLKLLL (HP2) was obtained as white solid after preparative RP-HPLC (56.7 mg, 

51.0%). Analytical RP-HPLC: tR = 1.66 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1320.99/1320.99 Da [M]. 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KkLLkLLKLLL (HP3) was obtained as white solid after preparative RP-HPLC (50.1 mg, 

45.1%). Analytical RP-HPLC: tR = 1.61 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KkLlKLLKLLL (HP4) was obtained as white solid after preparative RP-HPLC (42.6 mg, 

38.3%). Analytical RP-HPLC: tR = 1.74 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kKLLKLLKLLl (HP5) was obtained as white solid after preparative RP-HPLC (49.1 mg, 

44.2%). Analytical RP-HPLC: tR = 1.65 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 

 

 
 

 

 

 

 

 

 

 

 

 



181 

 

HRMS spectra: 
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KKLLKllKLLL (HP6) was obtained as white solid after preparative RP-HPLC (49.3 mg, 

44.4%). Analytical RP-HPLC: tR = 1.53 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kkLLKLLKLLl (HP7) was obtained as white solid after preparative RP-HPLC (60.6 mg, 

54.5%). Analytical RP-HPLC: tR = 1.62 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KkllKLLKLLL (HP8) was obtained as white solid after preparative RP-HPLC (46.9 mg, 

42.2%). Analytical RP-HPLC: tR = 1.63 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKLLkllKLLL (HP9) was obtained as white solid after preparative RP-HPLC (63.9 mg, 

57.5%). Analytical RP-HPLC: tR = 1.52 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kkLLkLLKLLL (HP10) was obtained as white solid after preparative RP-HPLC (50.0 mg, 

45.0%). Analytical RP-HPLC: tR = 1.60 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KkllKLlKLLL (HP11) was obtained as white solid after preparative RP-HPLC (31.5 mg, 

35.4%). Analytical RP-HPLC: tR = 1.60 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 

 

 

 
  



194 

 

KkllKlLKLLL (HP12) was obtained as white solid after preparative RP-HPLC (26.8 mg, 

30.1%). Analytical RP-HPLC: tR = 1.60 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKLLkllkLLL (HP13) was obtained as white solid after preparative RP-HPLC (37.4 mg, 

42.1%). Analytical RP-HPLC: tR = 1.53 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKllKllKLLL (HP14) was obtained as white solid after preparative RP-HPLC (33.7 mg, 

37.9%). Analytical RP-HPLC: tR = 1.53 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKlKlLkLlLL (HP15) was obtained as white solid after preparative RP-HPLC (34.5 mg, 

38.8%). Analytical RP-HPLC: tR = 1.60 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKLlkLLklLL (HP16) was obtained as white solid after preparative RP-HPLC (16.0 mg, 

18.0%). Analytical RP-HPLC: tR = 1.59 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 

 
 

 

 

 

 

 

 

 

 

 



203 

 

HRMS spectra: 
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KklLKLLKllL (HP17) was obtained as white solid after preparative RP-HPLC (29.0 mg, 

26.1%). Analytical RP-HPLC: tR = 1.61 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kkLLKLLKLll (HP18) was obtained as white solid after preparative RP-HPLC (36.3 mg, 

32.7%). Analytical RP-HPLC: tR = 1.58 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1320.99/1320.99 Da [M]. 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kkLLkLLKLLl (HP19) was obtained as white solid after preparative RP-HPLC (53.0 mg, 

47.7%). Analytical RP-HPLC: tR = 1.56 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKllKLLklLL (HP20) was obtained as white solid after preparative RP-HPLC (51.4 mg, 

46.3%). Analytical RP-HPLC: tR = 1.52 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KklLKlLKlLL (HP21) was obtained as white solid after preparative RP-HPLC (64.2 mg, 

65.7%). Analytical RP-HPLC: tR = 1.60 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 

 
 

 

 

 

 

 

 

 

 

 

 



213 

 

HRMS spectra: 
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KKllKLlKLlL (HP22) was obtained as white solid after preparative RP-HPLC (45.9 mg, 

46.9%). Analytical RP-HPLC: tR = 1.55 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKLlkLLkLLl (HP23) was obtained as white solid after preparative RP-HPLC (64.7 mg, 

66.2%). Analytical RP-HPLC: tR = 1.56 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KkLlKllKLLL (HP24) was obtained as white solid after preparative RP-HPLC (54.7 mg, 

49.2%). Analytical RP-HPLC: tR = 1.56 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 

 

 
 

 
  



220 

 

KKllKllKlLL (HP25) was obtained as white solid after preparative RP-HPLC (38.8 mg, 

34.9%). Analytical RP-HPLC: tR = 1.55 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kkLLkLLKLll (HP26) was obtained as white solid after preparative RP-HPLC (52.6 mg, 

47.3%). Analytical RP-HPLC: tR = 1.57 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kkLLkLLkLLl (HP27) was obtained as white solid after preparative RP-HPLC (53.7 mg, 

48.3%). Analytical RP-HPLC: tR = 1.54 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 

 

 
 

 
  



226 

 

kKLLkllKLLl (HP28) was obtained as white solid after preparative RP-HPLC (45.6 mg, 

41.0%). Analytical RP-HPLC: tR = 1.55 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKLlkllkLLL (HP29) was obtained as white solid after preparative RP-HPLC (59.3 mg, 

53.4%). Analytical RP-HPLC: tR = 1.58 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KkLlKlLkLlL (HP30) was obtained as white solid after preparative RP-HPLC (35.7 mg, 

32.1%). Analytical RP-HPLC: tR = 1.57 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kKlLkLlKlLl (HP31) was obtained as white solid after preparative RP-HPLC (45.3 mg, 

40.8%). Analytical RP-HPLC: tR = 1.57 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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RRLLRLLRLLL (HP32) was obtained as white solid after preparative RP-HPLC (32.5 mg, 

27.5%). Analytical RP-HPLC: tR = 1.64 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N24O11 calc./obs. 1434.02/1434.03 Da [M+H]+.  

 

 
 

 

Analytical HPLC-MS data: 
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HRMS spectra: 
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rrLLrLLrLLL (HP33) was obtained as white solid after preparative RP-HPLC (44.3 mg, 

37.5%). Analytical RP-HPLC: tR = 1.52 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N24O11 calc./obs. 1434.02/1434.03 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKIIKIIKIII (HP34) was obtained as white solid after preparative RP-HPLC (35.1 mg, 

31.6%). Analytical RP-HPLC: tR = 1.44 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 

 

 
 

 

 

 

 

 

 

 



239 

 

 

HRMS spectra: 
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kkIIkIIkIII (HP35) was obtained as white solid after preparative RP-HPLC (29.3 mg, 26.4%). 

Analytical RP-HPLC: tR = 1.36 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS (ESI+): 

C66H128N16O11 calc./obs. 1321.99/1322.00 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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RRIIRIIRIII (HP36) was obtained as white solid after preparative RP-HPLC (7.7 mg, 6.5%). 

Analytical RP-HPLC: tR = 1.47 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS (ESI+): 

C66H128N24O11 calc./obs. 1434.02/1434.03 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 

 
 

 
  



244 

 

rrIIrIIrIII (HP37) was obtained as white solid after preparative RP-HPLC (38.7 mg, 32.8%). 

Analytical RP-HPLC: tR = 1.68 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS (ESI+): 

C66H128N24O11 calc./obs. 1434.02/1434.03 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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KKLLKLLKLLLKKLLKLLKLLL (2ln65) was obtained as white solid after preparative 

RP-HPLC (119.3 mg, 38.3%). Analytical RP-HPLC: tR = 2.38 min (A/D 100:0 to 0:100 in 3.5 

min, λ = 214 nm). MS (ESI+): C132H253N31O22 calc./obs. 2625.96/2625.97 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kkLLkLLkLLLkkLLkLLkLLL (2ln69) was obtained as white solid after preparative RP-

HPLC (85.8 mg, 27.6%). Analytical RP-HPLC: tR = 1.85 min (A/D 100:0 to 0:100 in 3.5 min, 

λ = 214 nm). MS (ESI+): C132H253N31O22 calc./obs. 2625.96/2625.97 Da [M+H]+. 

 

 
 

 

Analytical HPLC-MS data: 
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HRMS spectra: 
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(*)KkLLKLLKLLL (FHP1) was obtained as white solid after preparative RP-HPLC (2.9 mg, 

3.9%). Analytical RP-HPLC: tR = 1.76 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1511.06/1511.07 Da [M+2H]2+. 

 

 
Analytical HPLC-MS data: 
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HRMS spectra: 
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(*)kkLLKLLKLLL (FHP2) was obtained as white solid after preparative RP-HPLC (0.6 mg, 

0.8%). Analytical RP-HPLC: tR = 1.73 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1510.06/1510.07 Da [M+H]+. 

 
Analytical LC-MS data: 
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HRMS spectra: 
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(*)KkLLkLLKLLL (FHP3) was obtained as white solid after preparative RP-HPLC (5.0 mg, 

6.8%). Analytical RP-HPLC: tR = 1.67 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1510.06/1510.07 Da [M+H]+. 

 

 
Analytical LC-MS data: 
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HRMS spectra: 
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(*)KkLlKLLKLLL (FHP4) was obtained as white solid after preparative RP-HPLC (4.5 mg, 

6.1%). Analytical RP-HPLC: tR = 1.74 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1510.06/1510.07 Da [M+H]+. 

 

 
 

Analytical LC-MS data: 
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HRMS spectra: 
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(*)kKLLKLLKLLl (FHP5) was obtained as white solid after preparative RP-HPLC (4.3 mg, 

5.8%). Analytical RP-HPLC: tR = 1.66 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1510.06/1510.07 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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(*)kkLLKLLKLLl (FHP7) was obtained as white solid after preparative RP-HPLC (3.4 mg, 

4.6%). Analytical RP-HPLC: tR = 1.63 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C74H140N16O16 calc./obs. 1510.06/1510.07 Da [M+H]+. 

 

 
 

Analytical LC-MS data: 
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HRMS spectra: 
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(*)KkllKLLKLLL (FHP8) was obtained as white solid after preparative RP-HPLC (5.7 mg, 

7.7%). Analytical RP-HPLC: tR = 1.63 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C74H140N16O16 calc./obs. 1510.06/1510.06 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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(*)kkLLkLLKLLL (FHP10) was obtained as white solid after preparative RP-HPLC (4.0 mg, 

5.4%). Analytical RP-HPLC: tR = 1.67 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C74H140N16O16 calc./obs. 1510.06/1510.07 Da [M+H]+.  

 

 
 

Analytical LC-MS data: 
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HRMS spectra: 
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(*)KkllKLlKLLL (FHP11) was obtained as white solid after preparative RP-HPLC (16.9 mg, 

17.2%). Analytical RP-HPLC: tR = 1.63 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C74H140N16O16 calc./obs. 1510.06/1510.07 Da [M+H]+.  

 

 
 

Analytical LC-data: 
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HRMS spectra: 
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(*)KkLlKlLkLlL (FHP30) was obtained as white solid after preparative RP-HPLC (9.0 mg, 

12.2%). Analytical RP-HPLC: tR = 1.62 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1510.06/1510.07 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 

 

 

 
  



270 

 

(*)kKlLkLlKlLl (FHP31) was obtained as white solid after preparative RP-HPLC (5.7 mg, 

7.7%). Analytical RP-HPLC: tR = 1.62 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C66H128N16O11 calc./obs. 1510.06/1510.07 Da [M+H]+. 

 

 

 
 

 

Analytical HPLC-MS data: 
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HRMS spectra: 
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(*)RRLLRLLRLLL (FHP32) was obtained as white solid after preparative RP-HPLC (5.7 mg, 

7.3%). Analytical RP-HPLC: tR = 1.79 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C74H140N24O16 calc./obs. 1621.09/1621.09/ Da [M]. 

 

 
 

Analytical LC-MS data: 
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HRMS spectra: 
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(*)RRLLRLLRLLL (FHP33) was obtained as white solid after preparative RP-HPLC (2.5 mg, 

3.2%). Analytical RP-HPLC: tR = 1.62 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). MS 

(ESI+): C74H140N24O16 calc./obs. 1621.09/1621.09 Da [M]. 

 

 
 

Analytical LC-MS: 
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HRMS spectra: 
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8.3 SI for Mixed-chirality design of existing α-helical AMPs 
 

Circular dichroism 

 

 

 
Figure S3.1: Circular dichroism spectra of linear peptides at 0.100 mg/mL in 7 mM phosphate buffer pH 7.4 with 

different amount of TFE and 5 mM DPC. 
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Table S3.1: Dichroweb analysis of linear peptides. 

Cpd. Sequence a) CD α/β/t/u (%) b) 

  PB Buffer 10% TFE 20% TFE 5 mM DPC 

Decoralin-NH2 SLLSLIRKLIT 17/20/26/37 45/9/20/26 75/2/12/11 84/2/10/4 

HP38 slLSlIRkLIT 10/33/24/33 12/22/24/32 15/31/22/32 26/25/20/29 

W4,8-GGN5 FLGWLFKWASK 10/31/24/35 14/31/24/31 43/15/19/23 77/1/5/17 

HP39 flGWlFKwASK 8/40/24/28 9/38/23/30 10/39/23/28 28/24/19/29 

SB1 KYKKALKKAKLL 13/25/25/37 22/22/24/32 66/2/15/17 78/2/13/7 

HP40 kYkkALkkAkLL 8/40/21/31 6/38/23/33 7/38/24/31 7/38/23/32 

DJK5 vqwrairvrvir 12/23/26/39 11/27/25/37 27/18/24/31 29/18/27/26 

HP41 VQWrAIrVrVIr 11/38/20/31 8/36/23/33 10/36/24/30 7/37/24/32 

a) One letter code for amino acids. D- amino acids are in lower. b) CD spectra were recorded at 0.100 mg/mL in 

aqueous 7 mM phosphate buffer pH 7.4 with addition of 0, 10 and 20% TFE or 5 mM DPC. The primary CD spectra 

were analyzed using Dichroweb and the percentages of α-helical (α), β-sheet (β), turns (t) and unordered (u) signals 

were extracted. The Contin-LL method and reference set 4 were used.178 
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Vesicle leakage assay 
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Figure S3.2: Vesicle leakage experiments using 5(6)-carboxyfluorescein induced by peptides. EYPG and EYPC 

vesicles were suspended in buffer (10 mM Tris, 107 mM NaCl, pH 7.4) and the indicated concentration of the 

compound was added after 45 seconds. After 240 seconds 30 μL of Triton X-100 1.2% was added for full release 

of the fluorescein. 
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HPLC and HRMS data 
 

SLLSLIRKLIT (Decoralin-NH2) was obtained as white solid after preparative RP-HPLC (40.6 

mg, 31.1%). Analytical RP-HPLC: tR = 1.85 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214 nm). 

MS (ESI+): C58H110N16O14 calc./obs. 1255.84/1255.85 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 

 
HRMS spectra: 
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slLSlIRkLIT (HP38) was obtained as white solid after preparative RP-HPLC (39.8 mg, 42.9%). 

Analytical RP-HPLC: tR = 1.60 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214nm). HRMS (ESI+): 

C58H110N16O14 calc./obs. 1255.84/1255.85 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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FLGWLFKWASK (W4,8-GGN5) was obtained as white solid after preparative RP-HPLC 

(52.8 mg, 49.0%). Analytical RP-HPLC: tR = 1.65 min (A/D 100:0 to 0:100 in 3.5 min, λ = 

214nm). HRMS (ESI+): C72H100N16O12 calc./obs. 1381.77/1381.78 Da [M+H]+. 

 

 
 

 

Analytical HPLC-MS data: 
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HRMS spectra: 
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flGWlFKwASK (HP39) was obtained as white solid after preparative RP-HPLC (55.6 mg, 

51.6%). Analytical RP-HPLC: tR = 1.63 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214nm). MS 

(ESI+): C72H100N16O12 calc./obs. 1381.77/1381.78 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 

 
 

 

 

 

 

 

 

 

 



287 

 

HRMS spectra: 
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KYKKALKKLAKLL (SB1) was obtained as white solid after preparative RP-HPLC (87.6 mg, 

44.7%). Analytical RP-HPLC: tR = 1.35 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214nm). MS 

(ESI+): C75H138N20O14 calc./obs. 1544.07/1544.07 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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kYkkALkkLAkLL (HP40) was obtained as white solid after preparative RP-HPLC (78.0 mg, 

39.8%). Analytical RP-HPLC: tR = 1.27 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214nm). MS 

(ESI+): C75H138N20O14 calc./obs. 1544.07/1544.07 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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vqwrairvrvir (DJK5) was obtained as white solid after preparative RP-HPLC (47.3 mg, 

26.8%). Analytical RP-HPLC: tR = 1.33 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214nm). MS 

(ESI+): C70H123N27O13 calc./obs. 1550.98/1550.98 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 

 
 

 

 

 

 

 

 

 

 

 



293 

 

HRMS spectra: 
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VQWrAIrVrVIr (HP41) was obtained as white solid after preparative RP-HPLC (64.3 mg, 

36.4%). Analytical RP-HPLC: tR = 1.26 min (A/D 100:0 to 0:100 in 3.5 min, λ = 214nm). MS 

(ESI+): C70H123N27O13 calc./obs. 1550.98/1550.98 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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8.4 SI for Dipropylamine for 9-Fluorenylmethylcarbonyl (Fmoc) 

Deprotection with Reduced Aspartimide Formation in Solid-Phase 

Peptide Synthesis 
 

Peptide synthesis 

 
Solid Phase Peptide Synthesis of linear peptides. All linear peptides were synthesized using 

standard 9-fluorenylmethoxycarbonyl (Fmoc) Solid Phase Peptide Synthesis under nitrogen 

bubbling. All peptides were synthesized using Rink Amide LL resin (0.26-0.29 mmol/g) except 

for Bivaluridin for which Wang resin (1.2 mmol/g) was used. Resin was firstly deprotected twice 

for one minute and four minutes using the corresponding deprotection cocktail. For each amino 

acid, a double coupling was performed (2 × 8 minutes) using for each coupling 3 mL of 0.2 M 

of the corresponding Fmoc protected amino acid in DMF, 1.5 mL of 0.5 M Oxyma in DMF and 

2 mL of 0.5 M DIC in DMF. Double deprotection steps (1 and 4 minutes) were achieved using 

the corresponding deprotection solution. 

For Bivalirudin, first amino acid coupling was performed with addition of DMAP (0.2 eq.). 

For Afamelanotide, the acetylation of N-terminus performed on-beads using a solution of 775 

µL acetic anhydride, 500 µL DIPEA in 5 mL DMF (twice 30 minutes at room temperature). 

For syntheses at 90 °C, coupling times were 2 × 4 minutes and deprotection times were 0.5 and 

2.5 minutes. 

Solid Phase Peptide Synthesis of G1KL. All peptide dendrimers were synthesized using 

standard 9-fluorenylmethoxycarbonyl (Fmoc) Solid Phase Peptide Synthesis under nitrogen 

bubbling using Rink Amide LL resin (0.26-0.29 mmol/g). Branching points consisted of Fmoc-

Lys(Fmoc)-OH to obtained two free amines (α and ε) after Fmoc deprotection. Syntheses were 

performed as described above. 

Solid Phase Peptide Synthesis of G2KL Syntheses of G2KL were performed at room 

temperature with the same reagents as described above in stirred syringes. Double deprotections 

were performed during 2 × 10 minutes. Double coupling was performed during 2 ×1 hour for 

the three first amino acids and the first generation, and a triple coupling was performed (3 × 1 

hour) for the second generation residues. 

Solid Phase Peptide Synthesis of G3KL. For syntheses performed at 60 °C, double 

deprotections was performed during 1 and 4 minutes and double coupling was performed during 

2 × 8 minutes for the three first amino acids and first generation. For the second generation, 

triple deprotection (1, 2 and 4 minutes) and a quadruple coupling (4 × 8 minutes) were 
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performed. From the last branching lysine, quadruple deprotection (2, 4, 2 and 4 minutes) and 7 

couplings of 8 minutes were performed. 

Syntheses at room temperature with the same reagents as described above in stirred 

syringes. Double deprotections were performed during 2 × 10 minutes. For the three first amino 

acids and first generation, double coupling was performed during 2 × 1 hour. For the second 

generation, a triple coupling was performed during 3 × 1 hour. For the last generation (two last 

amino acids), quintuple coupling was performed during 5 × 1 hour.  

Cleavage from resin. After the SPPS, peptide dendrimers were cleaved from the resin at room 

temperature using 7 mL of a mixture trifluoroacetic acid/triisopropylsilane/mQ water 

(TFA/TIS/H2O) with the corresponding ratios 94/5/1 except for Hexapeptide 5 for which a 7 mL 

TFA /TIS /DODT/ H2O mixture with the corresponding ratios 94/2.5/2.5/1 for three hours. 

Peptides were then precipitated using approximatively 25 mL of cold terbutylmethyl ether and 

centrifuged 10 minutes at 4400 rpm. Supernatant was removed and peptides were dried with 

argon before lyophilization and/or purification and LC-MS/HRMS analyses. All peptides were 

obtained as TFA salts. 

Fmoc deprotection in solution. 50 mg of Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH or Fmoc-PEG-

OH were dissolved in the corresponding deprotection condition in a total volume of 500 μL. 

Deprotection conditions used in DMF were 20% v/v piperidine, 25% v/v dipropylamine, 5% 

w/v piperazine + 2% v/v DBU, 2% v/v DBU, 25%% v/v dipropylamine + 3% w/v piperazine, 

25% v/v diethylamine, 25% v/v diisopropylamine and 25% diisobutylamine. Reaction mixtures 

were stirred during 30 minutes at room temperature. After the reaction and for each condition, 

10 μL were diluted in MeCN for a final volume of 1 mL. All samples were analyzed by analytical 

RP-HPLC-MS using solvents B (100 mQ water + 0.1% formic acid) and C (90% MeCN + 10% 

mQ water + 0.1% formic acid) with a gradient 100% B to 100% C in 5 or 7 minutes. 

1H NMR data acquisition. 1H NMR spectra were recorded on a Bruker Avance 300 

spectrometer (300 MHz) at room temperature. Peptides analyzed by 1H NMR were purified 

using preparative RP-HPLC prior to data acquisition. Spectra analyses were performed using 

MestReNova v14.2.1. See supporting information for measured spectra. 
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Table S4.1: Extended SPPS yields of peptide dendrimers and linear peptides using various Fmoc deprotection 

conditions.  

 
Cpd. 

Sequence a) 

Deprotection condition b) 

 

Crude purity c) 

% 

Crude 

yield d) 

% 

Isolated 

yield f) 

% 

MS calc/obs  

(g/mol) 

Hexapeptide 1 

VKDGYI 

20% PPR, 60 °C 

20% PPR + 0.25 M Oxyma, 60 °C 

20% PPR + 0.5 M Oxyma, 60 °C 

5% PZ + 2% DBU, 60 °C 

5% PZ + 2% DBU + 0.25 M HOBt, 60 °C 

5% PZ + 2% DBU + 0.5 M HOBt, 60 °C 

5% PZ + 2% DBU + 0.25 M Oxyma, 60 °C 

5% PZ + 2% DBU + 0.5 M Oxyma, 60 °C 

2% DBU, 60 °C 

20% DPA, 60 °C 

20% DPA + 0.5 M Oxyma, 60 °C 

25% DPA, 60 °C 

25% DEA, 50 °C 

25% DEA, 60 °C 

25% DBA, 60 °C 

25% DIBA, 60 °C 

20% PPR, 90 °C 

25% DPA, 90 °C 

83 (17 / 0)  

93 (7 / 0) 

93 (6 / 1) 

0 (0 / 100) 

56 (27 / 17) 

94 (5 / 1) 

76 (22 / 2) 

86 (13 / 1) 

52 (25 / 23) 

95 (5 / 0) 

93 (6 / 1) 

96 (4 / 0) 

86 (7 / 7) 

89 (8 / 3) 

93 (4 / 3) 

0 (0 / 100) 

70 (20 / 10) 

78 (11 / 11) 

46.6 

22.1 

16.8 

0 

9.2 

10.4 

16.3 

21.8 

25.7 

49.3 

45.4 

52.9 

43.4 

45.7 

52.1 

0 

28.4 

33.5 

4.5 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

16.0 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

693.39/693.39 

693.39/693.39 

693.39/693.39 

693.39/- 

693.39/693.39 

693.39/693.39 

693.39/693.39 

693.39/693.39 

693.39/693.39 

693.39/693.39 

693.39/693.39 

693.39/693.39 

693.39/693.39 

693.39/693.39 

693.39/693.39 

693.39/- 

693.39/693.39 

693.39/693.39  

Hexapeptide 2  

GDGAKF 

20% PPR, 60 °C 

25% DPA, 60 °C 

67 (32 / 1) 

84 (8 / 8) 

40.9 

49.2 

n.d. 

n.d. 

593.30/593.30 

593.30/593.30 

Hexapeptide 3 

VKDRYI 

20% PPR, 60 °C 

25% DPA, 60 °C 

84 (8 / 8) 

90 (4 / 6) 

40.3 

43.4 

n.d. 

n.d. 

792.47/792.47 

792.47/792.47 

Hexapeptide 4  

GDRAKF 

20% PPR, 60 °C 

25% DPA, 60 °C 

96 (3 / 1) 

99 (0 / 1) 

50.6 

62.5 

n.d. 

n.d. 

693.36/693.39 

693.36/693.39 

Hexapeptide 5  

VKDCYI 

20% PPR, 60 °C 

25% DPA, 60 °C 

90 (5 / 5) 

88 (4 / 8) 

53.1 

48.0 

n.d. 

n.d. 

739.37/739.38 

739.37/739.38 

Hexapeptide 6  

VKDAYI 

20% PPR, 60 °C 

25% DPA, 60 °C 

97 (1 / 2) 

96 (1 / 3) 

54.7 

51.3 

n.d. 

n.d. 

707.40/707.41 

707.40/707.41 

Hexapeptide 7  

VKEGYI 

20% PPR, 60 °C 

5% PZ + 2% DBU, 60 °C 

20% DPA, 60 °C 

20% DPA + 0.5M Oxyma, 60 °C 

98 (0 / 2) 

99 (0 / 1) 

98 (0 / 2) 

94 (0 / 6) 

47.7 

52.4 

44.3 

50.0 

n.d. 

n.d. 

n.d. 

n.d. 

707.40/707.41 

707.40/707.41 

707.40/707.41 

707.40/707.41 

Afamelanotide 

Ac-SYSNleEHfRWGKPV 

20% PPR, 60 °C 

25% DPA, 60 °C 

46 

50 

69.8 

45.1 

16.8 

9.9 

1646.84/1646.84 

1646.84/1646.84 

Bivalirudin 

fPRPGGGGNGDFEEIPEEYL a) 

20% PPR, 60 °C 

25% DPA, 60 °C 

20% PPR, 90 °C 

25% DPA, 90 °C 

77  

77  

28  

25  

n.d. 

n.d. 

6.6 

4.6 

46.3 

38.7 

n.d. 

n.d. 

2179.99/2179.99 

2179.99/2179.99 

2179.99/2179.99 

2179.99/2179.99 

G1KL 

(KL)2KKL 

 

20% PPR, 60 °C 

5% PZ + 2% DBU, 60 °C 

20% DIPA, 60 °C 

20% DIPA + 1% DBU, 60 °C 

20% DPA, 60 °C 

20% DPA + 1% DBU, 60 °C 

25% DPA, 60 °C 

90 

97 

0 

86 

78 

85 

88 

72.5 

26.2 

0 

35.6 

35.2 

34.0 

64.5 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

869.66/869.66 

869.66/869.66 

869.66/- 

869.66/869.66 

869.66/869.66 

869.66/869.66 

869.66/869.66 

G2KL 

(KL)4(KKL)2KKL 

20% PPR, r.t. 

5% PZ + 2% DBU, r.t. 

20% DPA, r.t. 

25% DPA, r.t. 

79 

74 

82 

80 

64.9 

53.9 

42.2 

46.4 

n.d. 

n.d. 

n.d. 

n.d. 

2090.57/2090.56 

2090.57/2090.56 

2090.57/2090.56 

2090.57/2090.56 

G3KL 

(KL)8(KKL)4(KKL)2KKL 

20% PPR, 60 °C 

25% DPA, 60 °C 

25% DPA (+ 1% DBU last generation), 60 °C 

2% DBU, 60 °C 

20% PPR, r. t. 

25% DPA, r. t. 

74 

N/A e) 

N/A e) 

70  

78  

29  

46.8 

N/A e) 

N/A e) 

48.4 

40.5 

12.3 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

4532.38/4532.39 

4532.38/4532.39 

4532.38/4532.39 

4532.38/4532.39 

4532.38/4532.37 

4532.38/4532.37 
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a) One letter code for amino-acids, D- amino acids in lower case, K indicates branching L- lysine, C-termini are 

carboxamide except for Bivalirudin which is carboxyl. Ac =acetyl group, Nle = norleucine. b) SPPS was carried out 

in DMF using Oxyma/DIC as coupling reagents and the indicated base for Fmoc removal.  PPR = Piperidine, PZ = 

Piperazine, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, DPA = Dipropylamine, DIPA = Diisopropylamine, DEA 

= Diethylamine, DBA = Dibutylamine, DIBA = Diisobutylamine. Percentages (%) are in w/v in case of PZ and in 

v/v otherwise. c) Crude purity for hexapeptides 1-7 is given as follow: % desired product (% aspartimide or 

glutarimide / % other byproducts). The crude product after resin cleavage was precipitated, washed and dried, and 

analyzed by analytical HPLC to determine the percentage of desired product, aspartimide and other byproducts. d) 

Crude yield is calculated as followed: (crude mass / molecular weight of desired peptide) / (mass of resin × resin 

loading) × % of desired product content in crude. e) Not applicable. Peak integration was not possible in cases of 

G3KL, 25% DPA and 25% DPA + 1% DBU for the last generation, 60 °C due to byproducts / impurities in the 
crude but traces of desired compounds were observed by HRMS (see Supporting Information). f) Isolated yields 

were calculated after preparative RP-HPLC purification according to the amount of resin and its indicated loading.  

n.d. = not determined.   
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Figure S4.1: 1H NMR spectra and structures of a) Hexapeptide 1 synthesized using 25% DPA as deprotection 

reagent and b) VKD(β)YI. Procedure is detailed in section 4 and assignments can be found in sections 5.2 

(Hexapeptide 1 – 25% DPA) and 5.3 (VKD(β)YI). 
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Figure S4.2: (previous page and above) Fmoc deprotection in DMF at room temperature during 30 minutes of a) 

Fmoc-Lys(Boc)-OH (tR = 3.86-3.92 min), b) Fmoc-Phe-OH (tR = 3.85 min) and c) Fmoc-PEG-OH (tR = 3.20 min). 
DBF-PPR adduct (tR = 2.11-2.13 min), DBF-PZ adduct (tR = 2.19-2.21 min) DBF-DPA adduct (tR = 2.50-2.51 min), 

DBF-DEA adduct (tR = 2.10 min) and DBF (tR = 4.42-4.51 min) can be observed. Deprotection was carried out at 

r.t. during 30 min. DBF = dibenzofulvene, PPR = Piperidine, DPA = Dipropylamine, PZ = Piperazine, DBU = 1,8-

diazabicyclo[5.4.0]undec-7-ene, DEA = diethylamine, DIPA = Diisopropylamine, DIBA = Diisobutylamine. 

Procedure is detailed in section 3. 

 

 



303 

 

Compounds characterization 
 

Hexapeptide 1 (VKDGYI)  
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VKDGYI (20% v/v Piperidine, 60°C) was obtained as as white solid after preparative RP-HPLC 

(3.2 mg, 4.5%). Crude analysis: Analytical RP-HPLC: tR = 1.92 min (A/D 100:0 to 0:100 in 7.00 

min, λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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VKDGYI (20% v/v Piperidine + 0.25 M Oxyma, 60°C) was obtained as crude white solid after 

lyophilization (14.2 mg, 22.1%). Analytical RP-HPLC: tR = 1.91 min (A/D 100:0 to 0:100 in 

7.00 min, λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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VKDGYI (20% v/v Piperidine + 0.5 M Oxyma, 60°C) was obtained as crude white solid after 

lyophilization (10.8 mg, 16.8%). Analytical RP-HPLC: tR = 1.99 min (A/D 100:0 to 0:100 in 

7.00 min, λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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VKDGYI (5% w/v Piperazine + 2% v/v DBU, 60°C) was obtained as crude white solid after 

lyophilization (5.7 mg, 0.0%). Analytical RP-HPLC: tR = - min (A/D 100:0 to 0:100 in 7.00 min, 

λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/- Da [M+H]+. (No compound 

observed). 
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VKDGYI (5% w/v Piperazine + 2% v/v DBU + 0.25 M HOBt, 60°C) was obtained as crude 

white solid after lyophilization (9.8 mg, 9.2%). Analytical RP-HPLC: tR = 2.01 min (A/D 100:0 

to 0:100 in 7.00 min, λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da 

[M+H]+. 
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VKDGYI (5% w/v Piperazine + 2% v/v DBU + 0.5 M HOBt, 60°C) was obtained as crude 

white solid after lyophilization (6.6 mg, 10.4%). Analytical RP-HPLC: tR = 1.92 min (A/D 100:0 

to 0:100 in 7.00 min, λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da 

[M+H]+. 
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VKDGYI (5% w/v Piperazine + 2% v/v DBU + 0.25 M Oxyma, 60°C) was obtained as crude 

white solid after lyophilization (12.8 mg, 16.3%). Analytical RP-HPLC: tR = 1.93 min (A/D 

100:0 to 0:100 in 7.00 min, λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 

Da [M+H]+. 
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VKDGYI (5% w/v Piperazine + 2% v/v DBU + 0.5 M Oxyma, 60°C) was obtained as crude 

white solid after lyophilization (15.2 mg, 21.8%). Analytical RP-HPLC: tR = 1.97 min (A/D 

100:0 to 0:100 in 7.00 min, λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 

Da [M+H]+. 
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VKDGYI (2% v/v DBU, 60°C) was obtained as crude white solid after lyophilization (36.6 mg, 

25.7%). Analytical RP-HPLC: tR = 2.05 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214nm). 

HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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VKDGYI (20% v/v Dipropylamine, 60°C) was obtained as crude white solid after lyophilization 

(37.3 mg, 49.3%). Analytical RP-HPLC: tR = 1.84 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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VKDGYI (25% v/v Dipropylamine, 60°C) was obtained as as white solid after preparative RP-

HPLC (11.5 mg, 16.0%). Analytical RP-HPLC: tR = 1.20 min (A/D 100:0 to 0:100 in 3.50 min, 

λ = 214nm). MS (ESI+): C32H52N8O9 calc./obs. 693.39/693.42 Da [M+H]+. 
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Figure S4.3: 1H NMR spectra of purified VKDGYI synthesized using 25% DPA. (300 MHz, D2O) : δ = 7.13 (d, J 

= 8.5 Hz, 2H, C(15 and 16)), 6.85 (d, J = 8.5 Hz, 2H, C(17 and 18)), 4.69 (t, 1H, C(13)), 4.55 (t, J = 7.6 Hz, 1H, 

C(10)), 4.37 (t, J = 7.2 Hz, 1H, C(5)), 4.07 (d, J = 7.9 Hz, 1H, C(19)), 3.90 (s, 2H, C(12)), 3.83 (d, J = 5.8 Hz, 1H, 

C(1)), 3.02 – 2.86 (m, 6H, C(9, 11 and 14)), 2.28 – 2.15 (m, 1H, C(20)), 1.82 – 1.65 (m, 6H, C(6, 8 and 22)), 1.51 

– 1.35 (m, 3H, C(2 and 7)), 1.01 (dd, J = 7.0, 4.3 Hz, 6H, C(21 and 23)), 0.89 – 0.82 (m, 6H, C(3 and 4)). 
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VKDGYI (25% v/v Dipropylamine, 60°C) crude: Analytical RP-HPLC: tR = 1.96 min (A/D 

100:0 to 0:100 in 7.00 min, λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 

Da [M+H]+. 
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VKDGYI (20% v/v Dipropylamine + 0.5 M Oxyma, 60°C) was obtained as crude white solid 

after lyophilization (35.1 mg, 45.4%). Analytical RP-HPLC: tR = 1.92 min (A/D 100:0 to 0:100 

in 7.00 min, λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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VKDGYI (25% v/v Diethylamine, 50°C) was obtained as crude white solid after lyophilization 

(40.5 mg, 43.4%). Analytical RP-HPLC: tR = 1.98 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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VKDGYI (25% v/v Diethylamine, 60°C) was obtained as crude white solid after lyophilization 

(40.7 mg, 45.7%). Analytical RP-HPLC: tR = 2.04 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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VKDGYI (25% v/v Dibutylamine, 60°C) was obtained as crude white solid after lyophilization 

(45.1 mg, 52.1%). Analytical RP-HPLC: tR = 2.02 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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VKDGYI (25% v/v Diisobutylamine, 60°C) was obtained as crude white solid after 

lyophilization (0.4 mg, 0.0%). Analytical RP-HPLC: tR = - min (A/D 100:0 to 0:100 in 7.00 min, 

λ = 214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/- Da [M+H]+ (no compound 

observed). 
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VKDGYI (20% v/v Piperidine, 90°C) was obtained as crude white solid after lyophilization 

(22.8 mg, 28.4%). Analytical RP-HPLC: tR = 1.99 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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VKDGYI (25% v/v Dipropylamine, 90°C) was obtained as crude white solid after lyophilization 

(26.8 mg, 33.5%). Analytical RP-HPLC: tR = 2.01 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C32H52N8O9 calc./obs. 693.39/693.39 Da [M+H]+. 
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Hexappetide 1β (VKD(β)GYI)  
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VKD(β)GYI was obtained as white solid after preparative RP-HPLC (6.4 mg, 14.2%). 

Analytical RP-HPLC: tR = 1.19 min (A/D 100:0 to 0:100 in 3.50 min, λ = 214nm). MS (ESI+): 

C32H52N8O9 calc./obs. 693.39/693.42 Da [M+H]+. 

 

 

 

 

 
 

 

 



326 

 

 

Figure S4.4: 1H NMR spectra of purified VKD(β)GYI (300 MHz, D2O) : δ = 7.13 (d, J = 8.6 Hz, 2H, C(15 and 

16)), 6.85 (d, J = 8.6 Hz, 2H, C(17 and 18)), 4.72 (t, 1H, C(13)), 4.57 (t, J = 7.5 Hz, 1H, C(10)), 4.40 (t, J = 7.3 Hz, 

1H, C(5)), 4.08 (d, J = 7.9 Hz, 1H, C(19)), 3.86 (m, 3H, C(1 and 12)), 3.00 (m, 4H, C(11 and 14)), 2.87 (t, J = 5.6 
Hz, 2H, C(9)), 2.29 – 2.16 (m, 1H, C(20)), 1.84 – 1.62 (m, 6H, C(6, 8 and 22)), 1.49 – 1.44  (m, 3H, C(2 and7)), 

1.02 (dd, J = 7.0, 4.6 Hz, 6H, C(21 and 23)), 0.93 – 0.79 (m, 6H, C(3 and 4)).  
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Hexapeptide 2 (GDGAKF)  
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GDGAKF (20% v/v Piperidine, 60°C) was obtained as crude white solid after lyophilization 

(40.6 mg, 40.9%). Analytical RP-HPLC: tR = 1.75 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C26H40N8O8 calc./obs. 593.30/593.30 Da [M+H]+. 
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GDGAKF (25% v/v Dipropylamine, 60°C) was obtained as crude white solid after 

lyophilization (38.9 mg, 49.2%). Analytical RP-HPLC: tR = 1.76 min (A/D 100:0 to 0:100 in 

7.00 min, λ = 214nm). HRMS (ESI+): C26H40N8O8 calc./obs. 593.30/593.30 Da [M+H]+. 
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Hexapeptide 3 (VKDRYI)  
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VKDRYI (20% v/v Piperidine, 60°C) was obtained as crude white solid after lyophilization 

(44.0 mg, 40.3%). Analytical RP-HPLC: tR = 1.99 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C36H61N11O9 calc./obs. 792.47/792.47 Da [M+H]+. 
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VKDRYI (25% v/v Dipropylamine, 60°C) was obtained as crude white solid after lyophilization 

(44.2 mg, 43.4%). Analytical RP-HPLC: tR = 2.00 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C36H61N11O9 calc./obs. 792.47/792.47 Da [M+H]+. 
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Hexapeptide 4 (GDRAKF)  
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GDRAKF (20% v/v Piperidine, 60°C) was obtained as crude white solid after lyophilization 

(44.2 mg, 50.6%). Analytical RP-HPLC: tR = 1.84 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C30H48N10O9 calc./obs. 693.36/693.39Da [M+H]+. 
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GDRAKF (25% v/v Dipropylamine, 60°C) was obtained as crude white solid after 

lyophilization (52.9 mg, 62.5%). Analytical RP-HPLC: tR = 1.86 min (A/D 100:0 to 0:100 in 

7.00 min, λ = 214nm). HRMS (ESI+): C30H48N10O9 calc./obs. 693.36/693.39Da [M+H]+. 
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Hexapeptide 5 (VKDCYI)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  



337 

 

VKDCYI (20% v/v Piperidine, 60°C) was obtained as crude white solid after lyophilization 

(46.2 mg, 53.1%). Analytical RP-HPLC: tR = 2.23 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C33H54N8O9S calc./obs. 739.37/739.38 Da [M+H]+. 
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VKDCYI (25% v/v Dipropylamine, 60°C) was obtained as crude white solid after lyophilization 

(42.7 mg, 48.0%). Analytical RP-HPLC: tR = 2.23 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C33H54N8O9S calc./obs. 739.37/739.38 Da [M+H]+. 
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Hexapeptide 6 (VKDAYI)  
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VKDAYI (20% v/v Piperidine, 60°C) was obtained as crude white solid after lyophilization 

(42.7 mg, 54.7%). Analytical RP-HPLC: tR = 2.09 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C33H54N8O9 calc./obs. 707.40/707.41 Da [M+H]+. 
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VKDAYI (25% v/v Dipropylamine, 60°C) was obtained as crude white solid after lyophilization 

(40.4 mg, 51.3%). Analytical RP-HPLC: tR = 2.09 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C33H54N8O9 calc./obs. 707.40/ Da [M+H]+. 
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Hexapeptide 7 (VKEGYI)  
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VKEGYI (20% v/v Piperidine, 60°C) was obtained as crude white solid after lyophilization 

(34.8 mg, 47.7%). Analytical RP-HPLC: tR = 1.99 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C33H54N8O9 calc./obs. 707.40/707.41 Da [M+H]+. 
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VKEGYI (5% w/v Piperazine + 2% v/v DBU, 60°C) was obtained as crude white solid after 

lyophilization (38.2 mg, 52.4%). Analytical RP-HPLC: tR = 1.90 min (A/D 100:0 to 0:100 in 

7.00 min, λ = 214nm). HRMS (ESI+): C33H54N8O9 calc./obs. 707.40/707.41 Da [M+H]+. 
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VKEGYI (20% v/v Dipropylamine, 60°C) was obtained as crude white solid after lyophilization 

(32.3 mg, 44.3%). Analytical RP-HPLC: tR = 1.98 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C33H54N8O9 calc./obs. 707.40/707.41 Da [M+H]+. 
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VKEGYI (20% v/v Dipropylamine + 0.5 M Oxyma, 60°C) was obtained as crude white solid 

after lyophilization (36.5 mg, 50.0%). Analytical RP-HPLC: tR = 1.93 min (A/D 100:0 to 0:100 

in 7.00 min, λ = 214nm). HRMS (ESI+): C33H54N8O9 calc./obs. 707.40/707.41 Da [M+H]+. 
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Afamelanotide (Ac-SYSNleEHfRWGKPV-NH2)  
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Afamelanotide (20% v/v Piperidine, 60°C) was obtained as foamy white solid after preparative 

RP-HPLC (21.6 mg, 16.8%). Analytical RP-HPLC: tR = 1.43 min (A/D 100:0 to 0:100 in 3.50 

min, λ = 214nm). HRMS (ESI+): C78H111N21O19 calc./obs. 1646.84/1646.84 Da [M+H]+ . 
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Afamelanotide (25% v/v Dipropylamine, 60°C) was obtained as foamy white solid after 

preparative RP-HPLC (12.7 mg, 9.9%). Analytical RP-HPLC: tR = 1.44 min (A/D 100:0 to 0:100 

in 3.50 min, λ = 214nm). HRMS (ESI+): C78H111N21O19 calc./obs. 1646.84/1646.84 Da [M+H]+ 

. 
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Bivaluridin (fPRPGGGGNGDFEEIPEEYL-OH)  
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Bivaluridin (20% v/v Piperidine, 60°C) was obtained as foamy white solid after preparative 

RP-HPLC (111.6 mg, 46.3%). Analytical RP-HPLC: tR = 1.52 min (A/D 100:0 to 0:100 in 3.50 

min, λ = 214nm). HRMS (ESI+): C98H138N24O33 calc./obs. 2179.99/2179.99 Da [M+H]+. 
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Bivaluridin (25% v/v Dipropylamine, 60°C) was obtained as foamy white solid after 

preparative RP-HPLC (93.3 mg, 38.7%). Analytical RP-HPLC: tR = 1.52 min (A/D 100:0 to 

0:100 in 3.50 min, λ = 214nm). HRMS (ESI+): C98H138N24O33 calc./obs. 2179.99/2179.99 Da 

[M+H]+. 
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Bivaluridin (20% v/v Piperidine, 90°C) was obtained as foamy white solid after lyophilization 

(57.2 mg, 6.6%). Analytical RP-HPLC: tR = 3.17 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C98H138N24O33 calc./obs. 2179.99/2179.99 Da [M+H]+. 
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Bivaluridin (25% v/v Dipropylamine, 90°C) was obtained as foamy white solid after 

lyophilization (39.5 mg, 4.6%). Analytical RP-HPLC: tR = 3.19 min (A/D 100:0 to 0:100 in 7.00 

min, λ = 214nm). HRMS (ESI+): C98H138N24O33 calc./obs. 2179.99/2179.99 Da [M+H]+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



360 

 

 
 

 

 

 

 

 

 
 

 



361 

 

G1KL ((KL)2KKL)  
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G1KL (20% v/v Piperidine, 60°C) was obtained as crude white solid after lyophilization (90.5 

mg, 72.5%). Analytical RP-HPLC: tR = 2.11 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214nm). 

HRMS (ESI+): C42H84N12O7 calc./obs. 869.66/869.66 Da [M+H]+. 
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G1KL (5% w/v Piperazine + 2% v/v DBU, 60°C) was obtained as crude white solid after 

lyophilization (30.4 mg, 26.2%). Analytical RP-HPLC: tR = 1.85 min (A/D 100:0 to 0:100 in 

7.00 min, λ = 214nm). HRMS (ESI+): C42H84N12O7 calc./obs. 869.66/869.66 Da [M+H]+. 
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G1KL (20% v/v Diisopropylamine, 60°C) was obtained as crude white solid after lyophilization 

(0.3 mg, 0.0%). Analytical RP-HPLC: tR = - min (A/D 100:0 to 0:100 in 7.00 min, λ = 214nm). 

HRMS (ESI+): C42H84N12O7 calc./obs. 869.66/869.66 Da [M+H]+. 

 

 

 



365 

 

G1KL (20% v/v Diisopropylamine + 1% v/v DBU, 60°C) was obtained as crude white solid 

after lyophilization (38.8 mg, 35.6%). Analytical RP-HPLC: tR = 1.81 min (A/D 100:0 to 0:100 

in 7.00 min, λ = 214nm). HRMS (ESI+): C42H84N12O7 calc./obs. 869.66/869.66 Da [M+H]+. 
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G1KL (20% v/v Dipropylamine, 60°C) was obtained as crude white solid after lyophilization 

(42.2 mg, 35.2%). Analytical RP-HPLC: tR = 1.79 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C42H84N12O7 calc./obs. 869.66/869.66 Da [M+H]+. 
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G1KL (20 v/v Dipropylamine + 1% v/v DBU, 60°C) was obtained as crude white solid after 

lyophilization (37.4 mg, 34.0%). Analytical RP-HPLC: tR = 1.83 min (A/D 100:0 to 0:100 in 

7.00 min, λ = 214nm). HRMS (ESI+): C42H84N12O7 calc./obs. 869.66/869.66 Da [M+H]+. 
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G1KL (25 v/v Dipropylamine, 60°C) was obtained as crude white solid after lyophilization 

(82.4 mg, 64.5%). Analytical RP-HPLC: tR = 1.88 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C42H84N12O7 calc./obs. 869.66/869.66 Da [M+H]+. 
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G2KL ((KL)4(KKL)2KKL)  
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G2KL (20% v/v Piperidine, r. t.) was obtained as crude white solid after lyophilization (214.4 

mg, 64.9%). Analytical RP-HPLC: tR = 2.35 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214nm). 

HRMS (ESI+): C102H200N28O17 calc./obs. 2090.56/2090.56 Da [M+H]+. 
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G2KL (5% w/v Piperazine + 2% DBU, r. t.) was obtained as crude white solid after 

lyophilization (189.9 mg, 53.9%). Analytical RP-HPLC: tR = 2.32 min (A/D 100:0 to 0:100 in 

7.00 min, λ = 214nm). HRMS (ESI+): C102H200N28O17 calc./obs. 2090.56/2090.56 Da [M+H]+. 
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G2KL (20% v/v Dipropylamine, r. t.) was obtained as crude white solid after lyophilization 

(134.4 mg, 42.2%). Analytical RP-HPLC: tR = 2.40 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C102H200N28O17 calc./obs. 2090.56/2090.56 Da [M+H]+. 
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G2KL (25% v/v Dipropylamine, r. t.) was obtained as crude white solid after lyophilization 

(151.4 mg, 46.4%). Analytical RP-HPLC: tR = 2.38 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C102H200N28O17 calc./obs. 2090.56/2090.56 Da [M+H]+. 
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G3KL ((KL)8(KKL)4(KKL)2KKL) 
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G3KL (20% v/v Piperidine, 60°C) was obtained as crude white solid after lyophilization (366.6 

mg, 46.8%). Analytical RP-HPLC: tR = 2.77 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214nm). 

HRMS (ESI+): C222H432N60O37 calc./obs. 4532.38/4532.39 Da [M+H]+. 
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G3KL (25% v/v Dipropylamine, 60°C) was obtained as crude white solid after lyophilization 

(255.1 mg, n.d.). Analytical RP-HPLC: tR = 2.79 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C222H432N60O37 calc./obs. 4532.38/4532.39 Da [M+H]+. 
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G3KL (25% v/v Dipropylamine (+ 1% v/v DBU for the last generation), 60°C) was obtained as 

crude white solid after lyophilization (252.0 mg, n.d.). Analytical RP-HPLC: tR = 2.79 min (A/D 

100:0 to 0:100 in 7.00 min, λ = 214nm). HRMS (ESI+): C222H432N60O37 calc./obs. 

4532.38/4532.39 Da [M+H]+. 
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G3KL (2% v/v DBU, 60°C) was obtained as crude white solid after lyophilization (400.6 mg, 

48.4%). Analytical RP-HPLC: tR = 2.75 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214nm). 

HRMS (ESI+): C222H432N60O37 calc./obs. 4532.38/4532.39 Da [M+H]+. 
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G3KL (20% v/v Piperidine, r.t.) was obtained as crude white solid after lyophilization (301.2 

mg, 40.5%). Analytical RP-HPLC: tR = 2.68 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214nm). 

HRMS (ESI+): C222H432N60O37 calc./obs. 4532.38/4532.39 Da [M+H]+. 
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G3KL (25% v/v Dipropylamine, r.t.) was obtained as crude white solid after lyophilization 

(249.7  mg, 12.3%). Analytical RP-HPLC: tR = 2.71 min (A/D 100:0 to 0:100 in 7.00 min, λ = 

214nm). HRMS (ESI+): C222H432N60O37 calc./obs. 4532.38/4532.39 Da [M+H]+. 
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8.5 SI for Submonomer synthesis of antimicrobial inverse 

polyamidoamines  
 

Synthesis of Tfa protected amine 
 

 
 

Bis(aminopropyl)amine (26.5 mL, 25 g) was diluted in 200 mL acetonitrile (> 99.9% pure) in a 

500 mL round bottom flask. ethyltrifuoroacetate (ETFA, 47.5 mL, 2.1 eq.) was slowly added to 

the reaction flask. The reaction mixture was stirred at room temperature overnight. The next day, 

remaining ETFA and acetonitrile were evaporated at 60 °C, 10 mbar during two hours to obtain 

the crude product. The obtained yellowish oily material (49.2 g, 80%) was analyzed by NMR 

(1H, 13C) and analytical reverse-phase HPLC-MS. 

 

Figure S5.1: 1H NMR spectra (300 MHz, CDCl3) of N,N-bis(3-trifluoroacetylaminopropyl)amine. δ = 8.33 – 7.97 
(m, 2H, N8 and N9), 3.45 (q, J = 5.2 Hz, 4H, C1 and C7), 2.73 (t, J = 6.2 Hz, 4H, C3 and C5), 1.73 (p, J = 6.3 Hz, 

4H, C2 and C6). 
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Figure S5.2: 13C NMR spectra (75 MHz, CDCl3) of N,N-bis(3-trifluoroacetylaminopropyl)amine. δ = 157.44 (q, J 

= 37.0 Hz, C10 and C16), 116.12 (d, J = 287.8 Hz, C11 and C17), 48.00 (s, C32 and C5), 39.32 (s, C1 and C7), 

28.04 (s, C2 and C6). 

 

Figure S3: HPLC-MS spectra of N,N-bis(3-trifluoroacetylaminopropyl)amine. Biprotected product: tR = 1.87 min. 

Triprotected product: tR = 4.42 min.  
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Deprotection of trifluoroacetyl protecting groups 

 

 
Figure S5.3: HPLC-MS spectra of trifluoroacetyl groups deprotection with 2% w/v NaBH4, EtOH / THF (1:1), 10 

min, 60 °C (entry 1 of Table 1). Retention times: fully deprotected product: tR = 3.06 min, monoprotected product: 

tR = 3.62 min, biprotected product: tR = 4.41 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214 nm). 

 

 

 

 

 
 

 

 

 

 
Figure S5.4: HPLC-MS spectra of trifluoroacetyl groups deprotection with 2% w/v  NaBH4, EtOH / THF (1:1), 30 

min, r. t. (entry 2 of Table 1). Retention times: fully deprotected product: tR = 3.05 min, monoprotected product: tR 

= 3.64 min, biprotected product: tR = 4.48 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214 nm). 
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Figure S5.5: HPLC-MS spectra of trifluoroacetyl groups deprotection with 0.2 M NaOH, DMF / H2O (1:1), 10 

min, 60 °C (entry 3 of Table 1). Retention times: biprotected product: tR = 4.47 min (A/D 100:0 to 0:100 in 7.00 

min, λ = 214 nm). 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
Figure S5.6: HPLC-MS spectra of trifluoroacetyl groups deprotection with 0.2 M NaOH, H2O, 10 min, 60 °C 

(entry 4 of Table 1). Retention times: fully deprotected product: tR = 3.07 min, monoprotected product: tR = 3.61 

min, biprotected product: tR = 4.44 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214 nm). 
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Figure S5.7: HPLC-MS spectra of trifluoroacetyl groups deprotection with 0.2 M LiOH, H2O, 30 min, 60 °C (entry 

5 of Table 1). Retention times: fully deprotected product: tR = 3.01 min, monoprotected product: tR = 3.56 min, 

biprotected product: tR = 4.38 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214 nm). 

 

 

 

 

 
 

 

 

 

 

 
Figure S5.8: HPLC-MS spectra of trifluoroacetyl groups deprotection with 20% PPR, DMF / H2O (1:1), 10 min, 

60 °C (entry 6 of Table 1). Retention times: biprotected product: tR = 4.47 min (A/D 100:0 to 0:100 in 7.00 min, λ 

= 214 nm). 
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Figure S5.9: HPLC-MS spectra of trifluoroacetyl groups deprotection with 20% PPR, H2O, 10 min, 60 °C (entry 

7 of Table 1). Retention times: fully deprotected product: tR = 3.04 min, monoprotected product: tR = 3.61 min (A/D 

100:0 to 0:100 in 7.00 min, λ = 214 nm). 

 

 

 

 

 
 

 

 

 

 

 
Figure S5.10: HPLC-MS spectra of trifluoroacetyl groups deprotection with 20% PPR, H2O, 30 min, 60 °C (entry 

8 of Table 1). Retention times: fully deprotected product: tR = 3.05 min, monoprotected product: tR = 3.63 min, 

biproducted product: tR = 4.45 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214 nm). 
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Figure S5.11: HPLC-MS spectra of trifluoroacetyl groups deprotection with 20% PPR, H2O, 2 x 30 min, 60 °C 

(entry 9 of Table 1). Retention times: fully deprotected product: tR = 2.92 min, monoprotected product: tR = 3.61 

min, biproducted product: tR = 4.46 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214 nm). 

 
 

 

 

 

 

 

 

 
Figure S5.12: HPLC-MS spectra of trifluoroacetyl groups deprotection with 20% PPR, H2O, 3 x 30 min, 60 °C 

(entry 10 of Table 1). Retention times: fully deprotected product: tR = 3.02 min, monoprotected product: tR = 3.70 

min (A/D 100:0 to 0:100 in 7.00 min, λ = 214 nm). 
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Figure S5.13: HPLC-MS spectra of trifluoroacetyl groups deprotection with 20% PPR, H2O, 4 x 30 min, 60 °C 

(entry 11 of Table 1). Retention times: fully deprotected product: tR = 3.06 min (A/D 100:0 to 0:100 in 7.00 min, λ 

= 214 nm). 

 
 

 

 

 

 

 

 

 
Figure S5.14: HPLC-MS spectra of trifluoroacetyl groups deprotection with 20% PPR, H2O, 2 h, 60 °C (entry 12 

of Table 1). Retention times: fully deprotected product: tR = 3.10 min, monoprotected product: tR = 3.73 min, 

biprotected product: tR = 4.51 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214 nm). 
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Figure S5.15: HPLC-MS spectra of trifluoroacetyl groups deprotection with 20% PPR, H2O, 2 x 1 h, 60 °C (entry 

13 of Table 1). Retention times: fully deprotected product: tR = 3.00 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214 

nm). 

 

 

 

 

 

 
Figure S5.16: HPLC-MS spectra of trifluoroacetyl groups deprotection with 20% MEA, H2O, 2 x 1 h, 60 °C (entry 

14 of Table 1). Retention times: fully deprotected product: tR = 3.00 min (A/D 100:0 to 0:100 in 7.00 min, λ = 214 

nm). 
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i-PAMAMs synthesis 
 
Table S5.1: Number of couplings depending on the number of branches. 

Number of 

branches 
1 2 4 8 16 

Number of 

amino acid and 

BrCH2CO2H 

couplings 

2 2 4 6 8 

 

All the iPAMAMs syntheses were performed under nitrogen bubbling at 60 °C. For each amino 

acid an BrCH2CO2H coupling, 5 eq. building block (3 mL of a 0.11 M solution in DMF), 5 eq. 

Oxyma (1.5 mL of a 0.22 M solution in DMF) and 6 eq. of DIC (2 mL of a 0.20 M solution in 

DMF) were premixed before adding it to the resin. Equivalents are relative to the loading resin. 

Resin was washed twice with 6 mL DMF between each coupling, and three times after the last 

one. 

Nucleophilic substitution of bromide by N,N-bis(3-trifluoroacetylaminopropyl)amine 

with the same procedure independently from the number of branches. 3 mL of building block 

solution containing 10 eq. in DMF relative to the number of bromine was added and the mixture 

was stirred under nitrogen bubbling during 15 min. Resin was washed three times with 6 mL 

DMF before repeating the reaction. After the second repetition, resin was washed five times with 

6 mL DMF. 

Tfa deprotection was performed twice one hour with an aqueous 20% PPR v/v solution 

(6-8 mL). After one hour, solution was removed and reaction was performed a second time. 

After the second repetition, resin was washed five times with 6 mL DMF and three times with 3 

mL MeOH before checking the deprotection with a micro-cleavage.  
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Antimicrobial evaluation of i-PAMAMs 

Table S5.2: Antimicrobial activity of i-PAMAMs measured in full MH medium at pH 7.4 and 8.5. 

Cpd. MIC (μg/mL) 

 P. aeruginosa 

PAO1 

K. pneumoniae 

NCTC418 

A. baumannii 

ATCC19606 

E. coli 

W3110 

S. aureus 

COL 

 pH 7.4 pH 8.5 pH 7.4 pH 8.5 pH 7.4 pH 8.5 pH 7.4 pH 8.5 pH 7.4 pH 8.5 

1a >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 

1b >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 

2a >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 

2b >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 

3a >32 >32 >32 >32 >32 >32 >32 >32 >32 32 

3b >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 

4a >32 >32 >32 >32 >32 >32 >32 32 >32 16-32 

4b >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 

Pol B 0.5 0.5 0.25 0.5 0.25 0.25 <0.125 0.5 >16 2 

Vancomycin >16 >16 >16 >16 >16 >16 >16 >16 0.5 1 
a) Minimum Inhibitory Concentrations were determined after incubation in full MH broth pH 7.4 and 8.5 for 16-20 

h at 37 °C.   
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iPAMAMs characterization 

 

BagLLLL (1a) was obtained as white solid after preparative RP-HPLC (18.0 mg, 27.8%). 

Analytical RP-HPLC: tR = 3.03 min (A/D 100:0 to 0:100 in 7.0 min, λ = 214 nm). MS (ESI+): 

C32H64N8O5 calc./obs. 641.50/641.56 Da [M+H]+. 

 

 
 

 

 

Analytical HPLC-MS data: 
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HRMS spectra: 
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G2BagLLLL (1b) was obtained as white solid after preparative RP-HPLC (14.8 mg, 20.4%). 

Analytical RP-HPLC: tR = 2.99 min (A/D 100:0 to 0:100 in 7.0 min, λ = 214 nm). MS (ESI+): 

C36H70N10O7 calc./obs. 755.54/755.55 Da [M+H]+. 

 

 
 

 

Analytical HPLC-MS data: 
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HRMS spectra: 
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Bag2BagLLLL (2a) was obtained as white solid after preparative RP-HPLC (22.7 mg, 19.3%). 

Analytical RP-HPLC: tR = 2.65 min (A/D 100:0 to 0:100 in 7.0 min, λ = 214 nm). MS (ESI+): 

C48H98N14O7 calc./obs. 983.77/983.78 Da [M+H]+. 

 

 
 

 

Analytical HPLC-MS data: 
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HRMS spectra: 
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G4Bag2BagLLLL (2b) was obtained as white solid after preparative RP-HPLC (11.5 mg, 

8.7%). Analytical RP-HPLC: tR = 2.61 min (A/D 100:0 to 0:100 in 7.0 min, λ = 214 nm). MS 

(ESI+): C56H110N18O11 calc./obs. 1210.86/1211.87 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 
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Bag4Bag2BagLLLL (3a) was obtained as sticky crystals after preparative RP-HPLC (12.5 mg, 

5.6%). Analytical RP-HPLC: tR = 2.42 min (A/D 100:0 to 0:100 in 7.0 min, λ = 214 nm). MS 

(ESI+): C80H166N26O11 calc./obs. 1667.32/1667.33 Da [M+H]+. 

 

 
 

 

Analytical HPLC-MS data: 
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HRMS spectra: 
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G8Bag4Bag2BagLLLL (3b) was obtained as sticky crystals after preparative RP-HPLC (15.8 

mg, 6.2%). Analytical RP-HPLC: tR = 2.33 min (A/D 100:0 to 0:100 in 7.0 min, λ = 214 nm). 

MS (ESI+): C96H190N34O19 calc./obs. 2124.49/2124.50 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 
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HRMS spectra: 

 

 

 
  



414 

 

Bag8Bag4Bag2BagLLLL (4a) was obtained as sticky crystals after preparative RP-HPLC (12.4 

mg, 2.9%). Analytical RP-HPLC: tR = 2.21 min (A/D 100:0 to 0:100 in 7.0 min, λ = 214 nm). 

MS (ESI+): C144H302N50O19 calc./obs. 3038.42/3038.43 Da [M+H]+. 

 

 
Analytical HPLC-MS data: 
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HRMS spectra: 
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G16Bag8Bag4Bag2BagLLLL (4b) was obtained as sticky crystals after preparative RP-HPLC 

(6.1 mg, 1.2%). Analytical RP-HPLC: tR = 2.13 min (A/D 100:0 to 0:100 in 7.0 min, λ = 214 

nm). MS (ESI+): C176H350N66O35 calc./obs. 3949.76/3949.78 Da [M+H]+. 

 

 
 

Analytical HPLC-MS data: 

 



417 

 

HRMS spectra:  

 

 

 


