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Abstract

Antimicrobial peptides (AMPs) possess bactericidal activity against a variety of pathogens

depending on an overall balance of positively charged and hydrophobic residues. Selec-

tive fluorination of peptides serves to fine-tune the intrinsic hydrophobicity and that

could improve AMP bioactivity without affecting the sequence length. Only a few studies

have focused on the impact of this unique element on antimicrobial potency and came

to somewhat contractionary results. Moreover, the influence of fluorinated amino acids

on peptide proteolysis is yet not fully understood. In this work, we tackle the link

between side chain fluorination and both antimicrobial activity and proteolytic stability

for two series of amphiphilic β-hairpin peptides. In particular, a synergy between antimi-

crobial activity and peptide hydrophobicity was determined. All peptides were found to

be barely hemolytic and non-toxic. Most surprisingly, the fluorinated peptides were sus-

ceptible to enzymatic degradation. Hence, the distinctive properties of these polyfluori-

nated AMPs will serve for the future design of peptide-based drugs.
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1 | INTRODUCTION

Peptides can adopt a multitude of biologically active conformations. In

particular, the β-turn motif is one of these biomolecules' most common

structural features and provides a nearly 180� reverse turn.[1–4] The

β-hairpin structure, whose structural hallmark comprises two antiparallel

β-strands connected by a central β-turn, is an especially interesting scaf-

fold.[5] It is found in a wide range of naturally occurring antimicrobial

peptides (AMPs) and formed by amphiphilic sequences.[6–9] In general,

cationic amino acids mediate electrostatic attractions to the negatively

charged bacterial membrane surface and the hydrophobic residues pen-

etrate and disorganize the lipid tail region. This mode of action causes

the disruption of the physical membrane integrity and, ultimately, cell

death.[10,11]

The design of new & synthetic AMPs is of paramount interest

since the emerging resistance of pathogenic microbes toward current

antibiotics is a rapidly growing threat to global healthcare manage-

ment.[8,12] To overcome this limitation, the incorporation of fluorine

into peptide-based antibiotics may suit as a promising approach. This

element was mainly neglected in biochemical evolution[13] but often

serves as a powerful tool in medicinal chemistry for enhancing a

drug's intrinsic potency and membrane permeability.[14] The replace-

ment of a single carbon-bonded hydrogen with a fluorine atom

causes only minimal steric perturbations. However, the hydrophobic
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nature and polarity of an artificial amino acid are significantly

affected by the number of fluorine substituents.[15] In fact, only a few

reports focusing on the selective fluorination of AMPs are available

to date. In 2006, Giménez et al. described trifluoromethylated amino

acids to enhance the antibacterial efficiency of cationic oligopeptides

toward a few Gram-negative and Gram-positive bacterial strains.[16]

Notably, the perfluorinated amino acid L-5,5,5,50 ,50 ,50-

hexafluoroleucine (HfLeu) has been extensively studied in synthetic

AMPs. When incorporated into Pexiganan, a 22-amino acid peptide-

based drug, antibiotic potencies were retained and peptide-induced

hemolysis was omitted up to a concentration of 250 μg/mL.[17] How-

ever, HfLeu-containing variants of the β-hairpin peptide Protegrin-1

showed weaker antimicrobial activities against a diverse range of

pathogenic bacteria and increased rates of hemolysis than the native

AMP.[18] Meng et al. introduced a library of HfLeu-containing

Buforin-2 and Magainin-2 mutants and reported comprehensive

improvements in antimicrobial activity but partially increased hemoly-

sis.[19] Further studies by Setty et al. focused on fluorine-substituted

phenylalanine derivatives in AMPs and determined an overall loss in

antibiotic strength upon fluorination.[20] Summarizing these case

studies, the outcome of fluorination regarding AMP potencies is con-

troversially discussed. Similarly, divergent conclusions about the

impact of fluorinated amino acids on the proteolytic stability of pep-

tides are reported.[21] Thus, the current state of the art in this field of

research requires further systematic studies for elucidating the prom-

ising potentials of fluorinated amino acids as engineering tools in

future drug development.[22]

Our approach here was to introduce artificial amino acids with

distinctive degrees of side chain fluorination into two series of amphi-

philic β-hairpin peptides. We characterized their folding pattern,

membrane-disrupting properties, antimicrobial, cytotoxic, and hemo-

lytic activities. A main highlight of this report is constituted by the

data set on peptide proteolysis. We provide experimental evidence

that the fluorous β-strands of each AMP are enzymatically degradable

regardless of the proportions and chemical nature of the particular

fluorinated side chain.

2 | EXPERIMENTAL SECTION

2.1 | General methods

1H-, 13C- and 19F-NMR spectra (see Data S1) were recorded by using

a JEOL ECX 400 (JEOL, Tokyo, Japan), a JEOL ECP 500 (JEOL, Tokyo,

Japan) or a Bruker AVANCE III 700 (700 MHz, BRUKER, Billerica, MA,

USA). Chemical shifts δ are reported in ppm with MeOH-d4 as the

internal standard. HRMS were determined on an Agilent 6220 ESI-

TOF MS instrument (Agilent Technologies, Santa Clara, CA, USA). All

chemicals were purchased from commercial sources (Merck, Sigma-

Aldrich, VWR, Fluorochem), used without further purification, and

treated according to their material safety data sheet. Chemical experi-

ments and sample preparations were performed in ventilated fume

hoods if required. All experiments were executed at settled safety

precautions on laboratory safety (Freie Universität Berlin). Peptide

stock concentrations were determined via UV spectroscopy (see

Data S1, Figures S33 and S34).

2.2 | Synthesis of fluorinated amino acids

The fluorinated amino acid TfeGly was synthesized according to proto-

cols published by our group.[23] The synthesis of MfeGly and DfeGly is

described in the Data S1 including NMR spectra of respective amino

acids. PfpGly was provided by Thomas Hohmann (Freie Universität

Berlin) (see Data S1, Schemes S1 and S2 & Figures S1–S9).[24]

2.3 | Synthesis and purification of peptides

All peptides were synthesized with a microwave-equipped Liberty

Blue™ peptide synthesizer (CEM, Matthews, NC, USA). Detailed pro-

tocols are listed in the Data S1 (Tables S1 and S2).

All peptides were cleaved from the resin by treatment with a mix-

ture of TFA/TIPS/H2O (90/5/5). The crude batches were purified on

a low-pressure and semi-preparative RP-HPLC system (Knauer GmbH,

Berlin, Germany) with H2O + 0.1% TFA and ACN + 0.1% TFA as

HPLC solvents. Analytical HPLC was performed either on a Chromas-

ter 600 bar DAD-system (VWR/Hitachi, Darmstadt, Germany) or a

Hitachi Primaide™ DAD-system (VWR/Hitachi, Darmstadt, Germany)

with both H2O + 0.1% TFA and ACN + 0.1% TFA as HPLC solvents.

All essential data (HPLC chromatograms and HRMS spectra) can be

found in the Data S1 (Table S3 & Figures S10–S32).

2.4 | Sample preparation—Exchange of TFA salts

Peptide samples (about 15 mg each) were dissolved in 5 mM HCl

solution (5 mL) and stirred for 1 min at rt before lyophilization. This

step was repeated thrice. To remove potential leftovers of HCl, the

peptide samples were subsequently dissolved in MilliQ-water (10 mL)

and stirred for 1 min before lyophilization.

2.5 | CD spectroscopy

Circular dichroism experiments were performed using a Jasco J-810

spectropolarimeter using Quartz Suprasil® cuvettes (Hellma). CD spec-

tra were recorded at 37�C from 190 to 250 nm at 0.2 nm intervals,

1 nm bandwidth, 4 s response time, and a scan speed of 100 nm min�1.

Baselines were subtracted from experimental data. Further experimen-

tal data can be found in the Data S1 (Figures S35 and S36).

2.6 | Carboxyfluorescein [6-FAM] leakage assay

Concentrated stocks (each 10 mg/mL) of 1-palmitoyl-2-oleoyl-sn-gly-

cero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-

3-[phospho-rac-(1-glycerol)] (POPG) were prepared by dissolving the
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compounds in CHCl3. Aliquots from both stocks were mixed and CHCl3

was evaporated. The lipid film was dried in vacuo overnight and then

dissolved in 50 mM 6-carboxyfluorescein (6-FAM) in 10 mM phosphate

buffer, pH 7.4. The suspension was first treated with 10 freeze–thaw

cycles, then ultrasonicated at rt for 30 min, and finally rest for 1 h at

rt. Untrapped 6-FAM was removed by gel filtration on PD-10 desalting

columns packed with Sephadex G-25. For each sample, 25 μL of pep-

tide solution in serial dilutions were slowly added to 25 μL of liposome

solution. The final lipid concentrations were: 5 mM POPG/POPG (1:1,

each 2.5 mM) or 5 mM POPC. The mixed samples were incubated for

30 min at 30�C before each measurement. 6-FAM leakage was

detected by measuring the fluorescence intensity (λex = 493 nm/

λem = 517 nm) with an Infinite M Nano+ plate reader (Tecan Deutsch-

land GmbH, Crailsheim, Germany). 100% dye release was achieved

through the addition of 5% (v/v) Triton X-100 in buffer. A negative con-

trol was constituted by measuring the FL emission of the liposome solu-

tion only containing buffer. All measurements were done in triplicates.

EC50 values were calculated by dose–response fitting (see Data S1).

Further experimental data (6-FAM leakage monitored in the case of

100% POPC) can be found in the Data S1 (Figure S37).

2.7 | Hemolytic assay

For both procedures, an approval code was not needed according to

the principles of the ethical committee of our institute (Freie Universi-

tät Berlin). Further experimental data (snapshots of the treated RBC

solutions) can be found in the Data S1 (Figures S42 and S43).

2.7.1 | Procedure A (XR14-series)

Purification of the erythrocytes from hRBCs containing 10% citrate

phosphate dextrose was accomplished according to a published pro-

tocol by our group.[25] In general, 1 mL pure hRBC solution was

diluted with PBS buffer to a concentration of 2% hRBCs (v/v). For

sample preparation, 100 μL of peptide solution in PBS buffer in serial

dilutions (two-fold concentration) was added to 100 μL 2% hRBC

solution. These samples were incubated at 37�C for 45 min. A [1:1]

mixture of 2% (v/v) Triton X-100 and 2% hRBC solution served as a

positive control and a [1:1] mixture of 2% hRBC solution with sole

buffer as a negative control. After incubation, the samples were cen-

trifuged, and the UV absorbance of the supernatants was measured at

540 nm to determine the extent of peptide-induced blood-cell hemo-

lysis. All measurements were done in triplicates. Erythrocytes were

purchased from DRK Blutspendendienst Nord-Ost Berlin.

2.7.2 | Procedure B (SAJO-series)

Purification of the erythrocytes from 8 mL whole pigs' blood was

accomplished according to a published protocol by our group.[25] In

general, 1 mL pure RBC solution was diluted with PBS buffer to a con-

centration of 2% RBCs (v/v). The lyophilized peptides were dissolved

in PBS buffer in serial dilutions starting from a concentration of

512 μg/mL (two-fold concentration). In a 96-well plate, 100 μL of

peptide solution in PBS buffer were prepared before adding 100 μL

of the 2% RBC solution. Further samples were prepared that con-

tained only 1% RBCs in PBS buffer for serving as a negative control.

Two positive controls were prepared by [1:1] mixtures of 0.2% (v/v) &

2% (v/v) Triton X-100 and 2% RBC solution. Then, the well plate was

incubated at 37�C for 45 min without agitation. After that, the well

plate was centrifuged and 100 μL of the supernatant was removed

and added to a new 96-well plate. UV absorbance of the supernatants

was measured at 540 nm to determine the extent of peptide-induced

blood-cell hemolysis. All measurements were done in triplicates and

TfeGlyR14 was set as an internal control for the comparability of both

approaches. The porcine blood used in this study is a surplus and was

generated during clinical training (Freie Universität Berlin).

2.8 | Proteolytic digestion assay

For real-time monitoring of enzymatic digestion, peptides AbuR14,

TfeGlyR14, SAJO-2, SAJO-TfeGly, and SAJO-PfpGly were dissolved

in 10 mM phosphate buffer, pH 7.4 (125 μL) at a two-fold concentra-

tion of 200 μM and gently mixed to obtain a homogeneous mixture.

After that, 125 μL of β-trypsin (0.015 μM, dissolved in 10 mM phos-

phate buffer, pH 7.4) was added and the samples were gently mixed

for 5 s. The final reaction mixture comprised 100 μM peptide and

0.0075 μM enzyme, respectively. All samples were incubated at 30�C

over a period of 3 h. Aliquots of 40 μL were taken at fixed time points

and quenched with 40 μL of a solution of 5% TFA in a [1:1] water–

methanol mixture containing 100 μM Ac-[2]Abz-Gly-OH as reference.

Peptide degradation was monitored by HPLC analysis, and the

remaining amounts of substrates were calculated by comparison to

the reference signal. All experiments were performed in triplicates.

For the detection of peptide fragments derived from peptide prote-

olysis, all peptide samples were dissolved in 10 mM phosphate buffer,

pH 7.4 (170 μL, 1 mM peptide concentration), and gently mixed to

obtain a homogeneous solution. Then, 35 μL of either α-chymotrypsin

or β-trypsin (both 20 μM concentration stocks in 10 mM phosphate

buffer, pH 7.4) were added and the samples were gently mixed for 5 s.

After that, the samples were incubated at 30�C over a period of 6 h.

Aliquots of 25 μL were taken at fixed time points and quenched with

50 μL of a solution of 1% TFA in water containing 75 μM Ac-[2]Abz-

Gly-OH as reference & 50 μL MeOH. Peptide degradation was moni-

tored by HPLC analysis. For determining the digestion profile of each

AMP, all detected peptide fragments were isolated and identified

through HRMS analysis. All experiments were performed in triplicates.

Further experimental data can be found in the Data S1 (Tables S4

and S5 & Figures S38–S41).

2.9 | Antimicrobial susceptibility testing

Minimum inhibitory concentrations (MIC) assays were performed

according to Clinical and Laboratory Standards Institute (CLSI)
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 24758817, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pep2.24306 by Freie U

niversitaet B
erlin, W

iley O
nline L

ibrary on [01/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



recommendations in cation-adjusted Mueller-Hinton broth (Mueller-

Hinton II) broth in flat-bottomed, 96-well plates (Corning, Wiesbaden,

Germany) with an inoculum of 105 bacteria/well. Bacteria colonies

were grown on blood agar or LB agar plates overnight at 37�C,

accordingly. For antimicrobial testing, these colonies were resus-

pended in MHII and the optical density at 600 nm was measured. The

bacterial suspension was diluted right before the experiment to

achieve 2 � 106 CFU/mL. From a 2.5 mg/mL peptide stock solution, a

starting concentration of 2048 μg/mL was prepared. Peptide concen-

trations from 1024 μg/mL to 0.5 μg/mL were achieved by serial dilu-

tions. To the wells containing 50 μL of peptide in PBS/MHII, 50 μL of

bacterial suspension was added. Wells containing only MHII and bac-

terial suspension in MHII were prepared as a negative and positive

control, respectively. The OD at 460 and 600 nm was measured at t0

right after inoculation and after 24 h of incubation at 37�C. The

resulting MIC was detected and determined as the peptide concentra-

tion where no bacterial growth could be observed after incubation.

2.10 | Cytotoxicity tests for the determination of
cell viability

All cell experiments were performed according to German genetic

engineering laws and German biosafety guidelines in the laboratory

(safety level 1). In the case of both procedures, HeLa and A549 cells

were obtained from Leibniz-Institut DSMZ—Deutsche Sammlung von

Mikroorganismen und Zellkulturen GmbH.

2.10.1 | Procedure A (XR14-series)

Cell viability was determined using a CCK-8 Kit (Sigma-Aldrich). HeLa

cells were cultured in DMEM and A549 in RPMI medium supplemen-

ted with 10% (v/v) FBS, 100 U/mL penicillin, and 100 μg/mL strepto-

mycin. All cells were seeded in a 96-well plate at a density of 5 � 104

cells/mL in 90 μL DMEM/RPMI medium per well overnight at 37�C

and 5% CO2. 10 μL of peptide sample dissolved in PBS buffer were

added in serial dilutions including positive (1% SDS) and negative con-

trols (only buffer and medium) and incubated for 24 h at 37�C and 5%

CO2. For further background subtraction, wells containing only the

peptide sample were used. After 24 h incubation, the CCK8 solution

was added (10 μL per well) and the UV absorbance (450 nm/650 nm)

was measured after about 3 h incubation. The cell viability was calcu-

lated by setting the “non-treated” control to 100% and the “non-cell”
control to 0% after subtracting the background signal. For both cell

lines, the experiment was performed in 3 biological replicas each con-

taining three internal replicas.

2.10.2 | Procedure B (SAJO-series)

Cytotoxicity assays were performed using a CytoTox-ONE™ Homoge-

nous Membrane Integrity Assay (Promega). DMEM/F-12 supplemented

with 10% v/v FBS was used for culturing the cells which were seeded

at 25% confluency in 96-well well plates. These well plates were incu-

bated at 37�C and 5% CO2 until reaching approximately 85–90% con-

fluency. The medium was exchanged for medium containing the AMPs

in concentrations ranging from 256 μg/mL to 16 μg/mL and incubated

for another 24 h. The well plates were brought to rt and 50 μL medium

was removed from each well. 1 μL “Lysis Solution” was added to the

wells prepared as a positive control. Subsequently, 50 μL of CytoTox-

ONE™ reagent was added to each well. The well plate was shaken for

30 s and left to incubate at rt for 10 min. After incubation, 25 μL of

“Stop Solution” was added. The well plate was shaken for another 10 s

before the fluorescence intensity (λex = 560 nm/λem = 590 nm) was

measured. For both cell lines, the experiment was performed in 3 biolog-

ical replicas each containing three internal replicas. TfeGlyR14 was set

as an internal control for the comparability of both approaches.

2.11 | Transmission electron microscopy (TEM)

E. coli (ATCC 25922) was grown in LB medium overnight and diluted

to achieve an OD of 0.4 at 600 nm for all samples. To the bacterial

suspension, the polyfluorinated peptide SAJO-PfpGly in PBS buffer

was added to obtain bacteria/AMP mixtures containing either 2*MIC

or 4*MIC. The samples were incubated at 37�C for 24 h. Additionally,

control samples containing only bacteria were prepared as a negative

control. Upon incubation, the samples were centrifuged at 4000 rpm

for 5 min. The medium was discarded, and the pellet was resuspended

in PBS buffer to remove any residual medium. After centrifuging once

more and discarding the PBS wash solution, the bacterial pellets were

fixed in Karnovsky fixative (7.5% glutaraldehyde, 3% paraformalde-

hyde) for 24 h at 5�C. Samples were washed with 0.1 M cacodylate

buffer, incubated in 1% osmium tetroxide for 2 h, and washed again

with cacodylate buffer. After that, the samples were dehydrated in

increasing concentrations of ethanol and embedded in a mixture of

epoxy resin, DDSA softener, MNA hardener, and BDMA catalyst. The

resin was polymerized for 48 h at 50�C. Ultrathin sections (about

80 nm) were mounted on nickel grids and analyzed using a transmis-

sion electron microscope (TEM, JOEL, JEM-1400 Flash). TEM data

can be found in the Data S1 (Figures S44 and S45).

2.12 | Thioflavin T (ThT) fluorescence
spectroscopy

This experiment was performed according to a published protocol by

our group.[23] All samples were dissolved in 10 mM phosphate buffer

supplemented with 20 μM Thioflavin T (ThT) (pH 7.4) and incubated

for 24 h at 37�C. ThT fluorescence (FL) intensity (λex = 420 nm,

λem = 485 nm) was measured with an Infinite® M Nano+ plate reader

(Tecan Deutschland GmbH, Crailsheim, Germany). FL values were nor-

malized to a negative control solely containing buffer and ThT (set as

FLint = 1.0). The experimental data can be found in the Data S1

(Figure S46).
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3 | RESULTS AND DISCUSSION

3.1 | Rational design of amphipathic peptides

We utilized the D-Phe-[2]Abz motif recently reported by Sarojini and

co-workers.[26–28] It is a peptidomimetic β-turn including the sterically

inflexible 2-aminobenzoic acid [2]Abz. This β-amino acid has been

found, for instance, in the cytotoxic cyclic tetrapeptide Asperterrestide

A, a secondary metabolite derived from Aspergillus terreus.[29,30] The

turn segment consists of a linear tetrapeptide sequence [(D-Leu)i-(D-

Phe)i+1-([2]Abz)i+2-(D-Ala)i+3].[27,30] As shown in the reported crystal

structure[27] (Figure 1), the planar β-turn is stabilized by three main

hydrogen bonds: (a) N H of residue i with C O of residue i + 3

(2.90 Å); (b) N H of residue i with C O of residue i + 2 (2.94 Å) and

(c) an intramolecular H-bond in residue i + 2 (2.64 Å).[27]

Follow-up studies by the Sarojini research group focused on the

introduction of the D-Phe-[2]Abz motif into acyclic and cyclic

AMPs.[26,31] We decorated this β-turn unit with two Arg-rich amphi-

pathic strands on each terminus and varied the degree of fluorination

on the hydrophobic positions by iterative incorporation of either Abu

(AbuR14), MfeGly (MfeGlyR14), DfeGly (DfeGlyR14) or TfeGly

(TfeGlyR14) (XR14-series, see Table 1); the termini were capped to

avoid intermolecular electrostatic repulsion. Thus, the XR14-series

served as a systematic library for studying the beneficial effects of

increasing fluorine content on AMP activity.

Besides the XR14-series, the peptide SAJO-2 developed by the

Sarojini research group (named peptide “2” in their work) was chosen

as a reference peptide.[26,31] Contrary to the above-described variants,

this sequence possesses both terminal charges as well as a tryptophan

zipper-like motif.[32,33] Herein, investigations on the SAJO-scaffold

aimed to fine-tune the biological activity of the control sequence with

varying hydrophobicity on site-specific positions. In particular, both

valine residues located at positions 2 and 13 were replaced with Abu

(SAJO-Abu) or TfeGly (SAJO-TfeGly) as hydrophobic moieties. The

incorporation of the pentafluoro-alkylated PfpGly (SAJO-PfpGly) con-

stitutes, to the best of our knowledge, the first reported study of this

artificial amino acid into a bioactive peptide next to its recent imple-

mentation in the β-trypsin inhibitor BPTI.[24,34]

3.2 | Secondary structure and hydrophobicity of
amphiphilic peptides

The peptide SAJO-2 is reported to exist as a mixture of conformers in

physiological conditions. Cameron et al. suggested major amounts of

disordered structures according to a random coil (λmin = 198 nm) and

a minor content of an ordered β-sheet pattern.[26] Typically, the pres-

ence of type II β-turn structures can be confirmed by CD spectros-

copy due to a characteristic maximum at λmax = 210–215 nm and

negative band around λmin = 225–230 nm.[35,36] We recorded CD

spectra for all peptides dissolved in phosphate buffer (pH 7.4) at

either 50 μM or 500 μM concentration (Figure 2). All peptides

adopted a β-turn structure indicating no significant structural

perturbations due to side chain fluorination. Whereas a minimum at

about λmin = 200 nm confirms the coexistence of random coils at

50 μM concentration, a further increase in peptide concentration

(a) (b)

(c)

(d)

F IGURE 1 (a) Crystal structure of the linear tetrapeptide H-(D-
Leu)-(D-Phe)-([2]Abz)-(D-Ala)-OH displayed from both a front view
and top view (colored in gray). (b) Zoom-in view of the crystal
structure with three main hydrogen bonds [(a)–(c)] maintaining this
sequence in a turn-like structure (PDB Code: 6ANM). (c) Chemical
structure of the D-Phe-[2]Abz β-turn and schematic illustration of the
peptide motif (XR14/SAJO). [2]Abz is highlighted in yellow. (d)
Chemical structures of the hydrophobic amino acids Abu, MfeGly,
DfeGly, TfeGly, and PfpGly.

TABLE 1 Nomenclature of peptides (XR14-series, SAJO-series)
and their sequences.

Peptide Sequence

AbuR14 Ac-R-Abu-R-Abu-R-[l-f-[2]Abz-a]-R-Abu-R-Abu-

R-NH2

MfeGlyR14 Ac-R-MfeGly-R-MfeGly-R-[l-f-[2]Abz-a]-R-

MfeGly-R-MfeGly-R-NH2

DfeGlyR14 Ac-R-DfeGly-R-DfeGly-R-[l-f-[2]Abz-a]-R-

DfeGly-R-DfeGly-R-NH2

TfeGlyR14 Ac-R-TfeGly-R-TfeGly-R-[l-f-[2]Abz-a]-R-TfeGly-

R-TfeGly-R-NH2

SAJO-2 H-R-Val-R-Trp-R-[l-f-[2]Abz-a]-R-Trp-R-Val-R-

OH

SAJO-Abu H-R-Abu-R-Trp-R-[l-f-[2]Abz-a]-R-Trp-R-Abu-R-

OH

SAJO-TfeGly H-R-TfeGly-R-Trp-R-[l-f-[2]Abz-a]-R-Trp-R-

TfeGly-R-OH

SAJO-PfpGly H-R-PfpGly-R-Trp-R-[l-f-[2]Abz-a]-R-Trp-R-

PfpGly-R-OH

Note: Substituted amino acids and [2]Abz are three-letter coded. Also, D-

amino acids are defined by lowercase letters. Fluorinated amino acids are

orange-colored.
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(500 μM) diminishes this course of absorption. This indicates a

concentration-dependency of β-turn formation. Higher peptide con-

centrations led to indeterminate CD spectra for all SAJO-derivatives.

This circumstance can be explained by the proximity of four aromatic

amino acids within the sequences, which can produce overlapping

contributions in absorption and likely result in high proportions of

scattering in the CD spectra.

A RP-HPLC-based assay served to determine the hydrophobicity

of each peptide in this work (Figure 2c). In addition, the van der Waals

volume of each amino acid residue was calculated according to Zhao

et al. (Figure 2d).[37] The trends of enhanced lipophilic properties

through fluorination determined for the XR14- and SAJO-series are in

accordance with prior reports on the amino acid series Abu, MfeGly,

DfeGly, and TfeGly.[38] Increasing the fluorine content on a particular

residue enhances its spatial demand as well. Monofluorination of the

hydrophobic side chains (MfeGlyR14, ϱ = 19.77 min) retains the

degree of hydrophobicity compared to AbuR14 (ϱ = 19.94 min). Fur-

ther growth in fluorine content (DfeGlyR14, TfeGlyR14) enhances the

intrinsic hydrophobicity significantly (ϱ = 21.46 and 23.06 min). With

regards to the SAJO-series, we determined the substitution of valine

with TfeGly to generate a peptide (SAJO-TfeGly, ϱ = 24.02 min) with

equal hydrophobicity and residual vdW volume as SAJO-2

(ϱ = 23.70 min). SAJO-Abu (ϱ = 23.09 min), as expected, possesses

comparably less hydrophobic properties. The highest degree of hydro-

phobicity was found for SAJO-PfpGly (ϱ = 25.58 min) which owns

the by far most hydrophobic and largest side chain among the library

of fluorinated amino acids.[24]

3.3 | XR14-series: Evaluation of membrane-
disrupting, antimicrobial, hemolytic and cytotoxic
properties

We selected a 6-carboxyfluorescein (6-FAM) based leakage assay to

initially probe the lytic activity of the XR14-series.[39] When this dye

is encapsulated in liposomes its fluorescence (FL) is self-quenched by

intermolecular interactions. Peptide-induced disruption of the lipo-

somes leads to a release of the dye and, therefore, can be assessed

directly from the observed increase in FL intensity.[40] The artificial

liposomes were prepared in equal amounts of 1-palmitoyl-2-oleoylsn-

(a) (b)

(c) (d)

F IGURE 2 CD spectra of amphipathic peptides at (a) 50 μM and (b) 500 μM concentration dissolved in 10 mM phosphate buffer, pH 7.4,
recorded at 37�C; (c) Intrinsic hydrophobicity of amphipathic peptides estimated through a RP-HPLC-based assay: The retention time ϱ served as
a dimension of non-polar character—HPLC conditions: CAPCELL PAK C18 MG— H2O + 0.1% TFA/ACN + 0.1% TFA/gradient: 5% ! 70% ACN
+ 0.1% TFA over 40 min. (d) Calculated vdW volumes of hydrophobic amino acid side chains.
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glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-gly-

cero-3-phospho-(10-rac-glycerol) (POPG). As shown in Figure 3a, the

treatment of POPC:POPG liposomes with the XR14-peptides above a

threshold concentration enhances real-time detected FL intensity.

Peptide-induced membrane disrupting activity was determined by cal-

culation of EC50 values. AbuR14 possesses the weakest activity

(EC50 = 148 ± 39 μM) in this series and replacement with MfeGly

reduces the EC50 to about 41% (88 ± 21 μM). DfeGlyR14 (EC50 = 77

± 12 μM) revealed comparably minor changes in EC50, but for Tfe-

GlyR14 (EC50 = 47 ± 5 μM) a 3-fold optimization of membrane activ-

ity than for AbuR14 was determined. Interestingly, this peptide

possesses superior membrane activity than the reference peptide

SAJO-2 (EC50 = 70 ± 9 μM). Subsequently, we checked if the multiple

incorporation of hydrophobic and fluorine-containing amino acids

may cause adverse effects on cell cytotoxicity and hemolysis. As

shown in Figure 3b, hemolysis assays with red blood cells (RBCs) and

cytotoxicity tests with two cell lines (HeLa, A549) were performed.

We were pleased to determine a lack of potent hemolytic activity for

all peptides up to a concentration of 250 μg/mL. Further measure-

ments revealed peptide-induced hemolysis for the most fluorinated

variant TfeGlyR14 at minimum concentrations of 1000 μg/mL

(500 μg/mL for SAJO-2), which is in accordance with prior observed

trends of fluorine-containing AMPs (see Data S1, Figure S42).[19,41]

Furthermore, all peptides exhibited near to zero cytotoxicity up to

250 μg/mL concentration toward both cell lines. Thus, the overall pro-

portion of fluorine in the AMPs was pivotal in the ability to permeabi-

lize artificial phospholipid membranes without affecting the blood or

human cells.

The bacterial cell envelope, however, is a complex multilayered

network. The typical classification of bacterial species—Gram-positive

or Gram-negative—is based on the composition of their cell walls.

Gram-negative bacteria are surrounded by a thin peptidoglycan cell

wall, which itself is surrounded by an outer membrane containing a

variety of lipopolysaccharides. Gram-positive bacteria lack an outer

membrane but are surrounded by several layers of crosslinked pepti-

doglycans decorated with negatively charged (lipo)teichoic acids in a

thicker matrix than found in Gram-negatives.[42] Consequently, the

action mechanism of AMPs differs from the present bacterial surface.

In the case of Gram-positive bacteria, an AMP must surpass the pepti-

doglycan barrier first before disrupting the cytoplasmic membrane.

When facing Gram-negative bacteria, on the other hand, a two-step

process comprising the perturbation of the outer and cytoplasmic

membrane takes place.[43,44]

Therefore, minimal inhibitory concentration (MIC) screenings for

the XR14-series were performed against a variety of Gram-negative

(S. typhimurium, E. coli, P. aeruginosa, K. pneumoniae) and Gram-

positive (E. faecalis, S. aureus) bacteria species, but also a fungal patho-

gen (C. albicans). The MIC values are listed in Table 2 and reveal side

(a) (b)

F IGURE 3 (a) Membrane permeabilization of amphipathic peptides detected via 6-FAM leaking. The dye was encapsulated in 5 mM liposome
solution containing a phospholipid mixture of POPC:POPC [1:1] and its release upon the addition of peptides samples in serial dilutions after
30 min incubation (30�C) was monitored via fluorescence (FL) spectroscopy (λex = 493 nm/λem = 517 nm). FL values were normalized to 100%
dye release determined by adding 5% (v/v) Triton X-100 to the liposome solution as positive control. Dose–response curves were fitted with data
sets derived from three separate experiments. The error bars show the standard deviation; (b) evaluation of peptide-induced hemolysis
(incubation with 1% RBC solution) and cytotoxicity (incubation with HeLa and A549 cells) for peptides AbuR14, MfeGlyR14, DfeGlyR14, and
TfeGlyR14.
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chain fluorination to hold a significant impact on the activity toward

each pathogen but in varying magnitudes, leading to both decreased

and enhanced antibiotic properties. The most fluorinated variant

TfeGlyR14 was found to be the most active AMP among the

XR14-series but the benefits upon CH3 ! CF3 substitution

differed. For example, we determined only a 2-fold increased potency

of the fluorinated AMP when facing S. typhimurium (128 μg/mL) or

E. coli (64 μg/mL). In terms of S. aureus, however, AbuR14 was

non-potent (≥1024 μg/mL) but TfeGlyR14 was strongly active

(128 μg/mL), respectively. Similar results on fluorination-enhanced

potencies in the case of S. aureus were observed as well by the Marsh

laboratory.[17,18] These findings confirm the antimicrobial activity of

this scaffold to be fine-tuned via implementation of trifluoromethylated

residues (TfeGly) instead of a methyl group.

In terms of partially fluorinated residues, MfeGlyR14 owns a

2- to 4-fold decreased activity than AbuR14, contrary to the results

obtained through 6-FAM leaking assays. An interesting data set was

obtained for DfeGlyR14: This peptide was found to be either superi-

orly (S. typhimurium, S. aureus) equally (C. albicans, P. aeruginosa) or less

potent (E. coli, E. faecalis) than the non-fluorinated AbuR14. Due to its

enhanced hydrophobic properties, a generous increase in antimicro-

bial activity for DfeGlyR14 in comparison to AbuR14 and MfeGlyR14

was otherwise forecasted. We assume this circumstance to originate

from fluorine-induced changes in side chain polarity. As discussed

before, hydrophobicity-driven perturbations of cytosolic membranes

by AMPs demand previous electrostatic attractions onto microbial cell

surfaces.[45,46] Here, the polar character located in partially fluorinated

side chains could act as a diametrical driving force against lipophilic

accumulation. This interplay between fluorine-induced hydrophobicity

and polarity was recently demonstrated by the Koksch laboratory to

alter supramolecular self-assembly and bioactivity.[23,34,47] For sup-

porting this hypothesis, the retention times of the XR14-peptides

were plotted against recently reported water interaction energies

ΔEint for Abu, MfeGly, DfeGly, and TfeGly as an estimate of fluorine-

induced polarity (Figure 4, left).[23] An increase in ΔEint, as given for

MfeGly, leads to reduced hydrophobicity and, simultaneously, higher

MIC values. Also, DfeGly possesses a much higher polarity in the side

chain than Abu and TfeGly. An increasing degree of fluorination,

therefore, does not automatically result in improved AMP activity. In

fact, a similar trend exemplified for the antibiotic strength and ΔEint
indicates the impact of fluorination on antibiotic potency to be nota-

bly dependent on the side chain pattern in relation to a coaction of

fluorine-enhanced polarity and hydrophobicity (see Figure 4, right).

The fungal pathogen C. albicans is part of the mucous flora and its

yeast membrane is surrounded by a cell wall mainly composed of chi-

tin, β-glucan, and mannoproteins.[48] As illustrated in Figure 4, the

antifungal properties of the XR14-series toward the pathogenic yeast

follow an analogous trend of potency as determined for the bacterial

species.

At last, we found all XR14-peptides to be non or less active

toward the Gram-negative P. aeruginosa. We consider this circum-

stance to be caused by the missing Trp residues, typically present as a

TABLE 2 Antibacterial activities of peptides AbuR14, MfeGlyR14, DfeGlyR14, and TfeGlyR14.

Peptide

1*MIC [μg/mL]

S. typhimurium E. coli E. faecalis S. aureus P. aeruginosa K. pneumoniae C. albicans
ATCC 14028 ATCC 25922 ATCC 29212 ATCC 29213 ATCC 27853 ATCC 700603 IMT 9655

AbuR14 256 128 512 ≥1024 ≥1024 ≥1024 512

MfeGlyR14 1024 512 1024 ≥1024 ≥1024 ≥1024 1024

DfeGlyR14 128 256 1024 512 ≥1024 1024 512

TfeGlyR14 128 64 128 128 1024 512 128

F IGURE 4 Retention times ϱ of AbuR14, MfeGlyR14, DfeGlyR14, and TfeGlyR14 plotted against the water interaction energies ΔEint
calculated for Abu, MfeGly, DfeGly, and TfeGly (left). MIC values of E. coli (Gram-negative), E. faecalis (Gram-positive) and C. albicans (yeast
fungus) plotted for each hydrophobic amino acid (Abu, MfeGly, DfeGly, TfeGly) in the XR14-series (right).
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hydrophobic moiety in a multitude of AMPs.[49] As reported by Shan

et al., Trp-containing AMPs were particularly found to depolarize the

outer and inner membrane of the bacterial cells, explaining the strong

activity of tryptophane toward this bacterial species.[50]

3.4 | SAJO-series: Evaluation of antimicrobial,
hemolytic, and cytotoxic properties

The reference SAJO-2 is reported to possess a broad spectrum of

antimicrobial activity. Experimental data obtained through transmis-

sion electron microscopy (TEM) suggested this AMP to cause bacterial

death by membrane lysis.[26] MIC data of the SAJO-peptides (see

Table 3) revealed an overall superiority in antimicrobial efficiency

toward the XR14-series. This overall trend underlines the contribution

of Trp residues to enhance membrane-disruptive properties.[50–52]

SAJO-2 was effective against all tested organisms in concentra-

tions ranging from 8–64 μg/mL. Similar MIC values were determined

for SAJO-TfeGly, harmonizing with both analogous non-polar proper-

ties estimated via RP-HPLC. A loss in hydrophobicity, as probed for

SAJO-Abu, caused a 4-fold enhanced MIC of 256 μg/mL for

E. faecalis compared to SAJO-2. With regards to antifungal activities,

the substitution of the hydrophobic residues led to retained MICs for

C. albicans, very different from observations on the XR14-series.

These results could hint at alterations in the mode of action when

comparing the decrease in MIC for AbuR14 ! TfeGlyR14.

Most interesting MIC data were obtained for the pentafluoroalkyl-

equipped peptide SAJO-PfpGly, which performed much better than

SAJO-TfeGly. This polyfluorinated AMP shows the highest activity

(up to 4-fold) toward all Gram-positive microbes (S. aureus, 16 μg/mL/

E. faecalis, 32 μg/mL) tested in this work, as well as the Gram-negative

E. coli (4 μg/mL). Thus, our experimental data validates the enhance-

ment of intrinsic hydrophobicity to strengthen antimicrobial properties.

Furthermore, transmission electron microscopy (TEM) served to

gain insights into the mode of action for SAJO-PfpGly. Incubation of

E. coli with this AMP after 24 h was found to cause membrane pore

formation, exposing a lytic and disruptive effect toward the bacterial

cell wall (see Data S1, Figures S44 and S45). As illustrated in Figure 5,

all SAJO-derivatives were tested regarding their blood cell-disrupting

and cytotoxic properties. Due to the utilization of different experi-

mental protocols (see Section 2), we set the above-discussed peptide

TfeGlyR14 as an internal control. All peptides were found in this case

to be neither hemolytic nor cytotoxic. Moreover, we obtained similar

results for TfeGlyR14 which confirmed previous studies. The only

exception was found for SAJO-PfpGly with slightly toxic properties

on the A549 cell line at the highest concentration (256 μg/mL); reduc-

ing the peptide amount, however, obviated cell cytotoxicity.

3.5 | Enzymatic degradation of (polyfluorinated)
peptides

Lastly, we raised the question about the enzymatic degradability of

these AMPs due to the varying degrees of side chain fluorination. The

TABLE 3 Antibacterial activities of peptides SAJO-2, SAJO-Abu, SAJO-TfeGly, and SAJO-PfpGly.

Peptide

1*MIC [μg/mL]

S. typhimurium E. coli E. faecalis S. aureus P. aeruginosa K. pneumoniae C. albicans
ATCC 14028 ATCC 25922 ATCC 29212 ATCC 29213 ATCC 27853 ATCC 700603 IMT 9655

SAJO-2 16 8 64 64 64 32 32

SAJO-Abu 32 16 256 64 128 64 32

SAJO-TfeGly 32 8 64 64 64 64 32

SAJO-PfpGly 16 4 32 16 64 16 32

(a)

(b)

(c)

F IGURE 5 (a) Evaluation of peptide-induced hemolysis
(incubation with 1% RBC solution) and cytotoxicity (incubation with
(b) HeLa and (c) A549 cells) for peptides SAJO-2, SAJO-Abu, SAJO-
TfeGly, SAJO-PfpGly, and TfeGlyR14 as an internal control.
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incorporation of non-natural α-amino acid in high proportions is fre-

quently used to alter or even eliminate primary cleaving sites, thus

increasing the proteolytic stability of peptides.[53] For example,

D-amino acid substitution is well-known to protect from proteolysis

by altered stereochemistry properties that prohibit sufficient enzyme-

substrate binding.[54,55] Therefore, the D-Phe-[2]Abz turn unit was

predicted to remain persistent under enzymatic conditions.

The introduction of fluorine is extensively applied in medicinal

chemistry to improve the metabolic stability of drugs.[14,56] In the con-

text of side chain fluorinated amino acids, however, a wide range of

reports with different outcomes exists. Both cases, namely the

enhanced stabilities of fluorinated peptides against proteolysis as well

as rapid digestion rates due to beneficial enzyme-substrate interac-

tions, were described.[21,22] Various studies including our efforts iden-

tified several aspects for which fluorinated amino acids can contribute

to either favored or disfavored interactions like steric bulk,[19,57] prox-

imity to the predominant cleavage site[58,59] or electrostatic perturba-

tions[60] by a polarized side chain within an enzyme's active site.

We tested the proteolytic stability of these peptides toward the

serine protease β-trypsin. This enzyme exhibits a strong S1 specificity

F IGURE 6 Digestion profiles of amphipathic peptides AbuR14,
TfeGlyR14, SAJO-2, SAJO-TfeGly, and SAJO-PfpGly (all 100 μM)
with β-trypsin (0.0075 μM) dissolved in 10 mM phosphate buffer,
pH 7.4 and incubated at 30�C.

F IGURE 7 Real-time monitoring of proteolytic digestion at 5, 120 and 360 min (HPLC, DAD-280 nm) and MS-based detection and
determination of peptide fragments of SAJO-2 (1 mM stock concentration) during incubation with either α-chymotrypsin (α) or β-trypsin (β) (both
20 μM stock concentration) at 30�C. The dipeptide Ac-[2]Abz-Gly-OH was used as reference signal. The black arrows indicate the proteolysis of
SAJO-2 into the illustrated digestion fragments. Arginine residues are illustrated as blue-colored positive charges (+). Trp and Val are described
with one letter abbreviations. Cleaving sites are illustrated with squiggly lines (red-colored) and defined according to Schechter and Berger
nomenclature. Measurements were performed in triplicates.
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(according to Schechter and Berger nomenclature)[61] for Arg and Lys

residues (P1 position) so that the herein-described AMPs bear multi-

ple cleaving sites due to their amphiphilicity. In this experiment,

AbuR14, TfeGlyR14, SAJO-2, SAJO-TfeGly, and SAJO-PfpGly were

incubated at 30�C after the addition of the enzyme and their degrada-

tion profile was monitored by HPLC-analysis over a period of 3 h

(Figure 6).

In fact, all peptides were found to be enzymatically degradable

despite the degree of fluorination. Ultimately, the variant SAJO-PfpGly

bearing two pentafluoroalkyl-chains was accepted as a suitable sub-

strate by the serine protease. Real-time monitoring of peptide degrada-

tion revealed the SAJO-derivatives to remain in significantly lower

amounts (13–15%) than AbuR14 and TfeGyR14 (36–37%) after 3 h

incubation. We presume this circumstance to be caused by terminal

modifications of the XR14-derived AMPs, particularly C-terminal amida-

tion and N-terminal acetylation. Both modifications are described to

facilitate proteolytic resistance.[62] For example, Nguyen et al. reported

greater protease stabilities of Trp- and Arg-rich peptides when both

N- and C-terminal charges were capped.[63]

Excited by this unique finding, we were engaged to determine if

the presence of fluorinated amino acids also influences enzyme-

substrate recognition resembled by changes in cleavage sites. For this

purpose, we enhanced the concentration of the peptides (stock:

1 mM) and enzymes (stock: 20 μM) to enable fragment detection via

RP-HPLC and HRMS analysis (Figure 7 (SAJO-2) and Figure 8 (SAJO-

PfpGly)). Firstly, we probed peptide digestion by the serine protease

α-chymotrypsin which predominantly cleaves the amide bonds of aro-

matic P1 amino acids (Phe, Tyr, Trp). Also, secondary hydrolysis of

bonds formed by asparagine, glutamine, methionine, glycine, histidine,

and positively charged residues were reported to originate from

favored P10-S10 interactions.[64–66] It was not surprising to observe

the N-terminal aliphatic strand to be foremost cleaved (Trp: P1/Arg:

P10) for both SAJO-2 and SAJO-PfpGly. Interestingly, further proteol-

ysis of digestion product “B” differed significantly for both peptides.

F IGURE 8 Real-time monitoring of proteolytic digestion at 5, 120 and 360 min (HPLC, DAD-280 nm) and MS-based detection and
determination of peptide fragments of SAJO-PfpGly (1 mM stock concentration) during incubation with either α-chymotrypsin (α) or β-trypsin (β)
(both 20 μM stock concentration) at 30�C. The dipeptide Ac-[2]Abz-Gly-OH was used as reference signal. The black arrows indicate the
proteolysis of SAJO-PfpGly into the illustrated digestion fragments. Arginine residues are illustrated as blue-colored positive charges (+). Trp is
described with one letter abbreviations. Cleaving sites are illustrated with squiggly lines (red-colored) and defined according to Schechter and
Berger nomenclature. Measurements were performed in triplicates.
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In the case of SAJO-2, this fragment remained stable during the

experiment and enzyme hydrolysis was only found for the C-terminal

strand between Trp (P1) and the centrally located Arg (P10) (formation

of fragment “C” of SAJO-2) (Figure 7). In contrast, product “B” was

completely consumed when both valine residues were substituted

with PfpGly (Figure 8). We detected the release of the dipeptide frag-

ment “PfpGly-Arg” from the C-terminal strand (formation of fragment

“C” of SAJO-Pfply), as well as the fragmentation up to the proteolyti-

cally stable β-turn core flanked with two Arg residues and one remain-

ing Trp (P1) (formation of fragment “D”). It is most noteworthy that

the enzyme-assisted release of the dipeptide fragment “PfpGly-Arg”
confirms the fluorinated amino acid to act as a P10-substrate for

α-chymotrypsin. This finding is in accordance with earlier reports by

our laboratory describing favorable side chain interactions between a

few fluorous amino acids with the S10-binding site of this serine pro-

tease.[67,68] The branched amino acid valine (SAJO-2) may be unsuited

as a P10-substrate and, therefore, prevents further proteolysis. Fur-

thermore, we examined a similar digestion profile for SAJO-TfeGly

(see Data S1, Figure S38). Based on these results and in synergy with

previous studies by Schellenberger et al., we consider the enhance-

ment of side chain volume and fluorine-induced hydrophobicity to

unleash peptide proteolysis in the case of SAJO-PfpGly.[65]

When probing peptide degradation through β-trypsin, similar

digestion profiles for SAJO-2 and SAJO-PfpGly were again deter-

mined. The centrally located Arg residue on the C-terminal amphi-

pathic strand acts as P1 residue leading to the formation of digestion

product “1” for both peptides. This is validated by the detected cleav-

age of the terminal dipeptide-fragments “Val-Arg” and “PfpGly-Arg”.
The P10 hydrophobic residues (Val, PfpGly), consequently, were

accommodated within the S10 subsite. This can be explained by a

broad S10 specificity of β-trypsin for aliphatic residues at P10, whereas

the S20 site was reported to prefer positively charged P20 residues.[69]

In consequence, the enzyme favorably cleaves between Arg-X-Arg

bonds (P1-P10-P20, X = hydrophobic residue). Therefore, it seems that

the pentafluoroalkyl-side chain of PfpGly neglects any interferences

with the enzyme's binding pocket. After 6 h of incubation, the β-turn

motif flanked with an “Arg-Trp” strand and one opposing Arg residue

was found as the remaining digestion product as well as the released

dipeptide fragment “Trp-Arg”. The remaining Trp residue is located at

the N-terminal strand, but at the C-terminus in the case of α-chymo-

trypsin, which explains the slight difference in retention times

depicted by HPLC analysis.

To get deeper insights into the impact of side chain fluorination on

protease cleaving sites, the digestion profiles of AbuR14, MfeGlyR14,

DfeGlyR14, and TfeGlyR14 with both serine proteases were deter-

mined as well. All digestion profiles are placed in the Data S1 and the

main cleaving sites are presented in Figure 9 for simplicity.

In the context of α-chymotrypsin, the determination of digestion

products derived from the solely aliphatic strands became rather sophis-

ticated (see HPLC chromatograms in the Data S1, Figures S39–S41). The

lack of aromatic P1 amino acids, thus, evolved a non-specific cleavage

pattern in which the hydrophobic moieties act as both P1 & P10 resi-

dues. Increasing the degree of fluorination (DfeGly, TfeGly) leads to the

emergence of an Arg (P1)—fluorinated residue (P10) cleaving site on the

N-terminal strand as confirmed by HPLC chromatograms & HRMS

spectra. These findings further appoint higher degrees of aliphatic side

chain fluorination, as present for DfeGlyR14 and TfeGlyR14, to contrib-

ute to substrate recognition and peptide degradability. Similar results

have been described in prior studies by Asante et al.[67] A detailed dis-

cussion on the digestion profile of the N-terminal strands is provided in

the Data S1.

On the C-terminal strand, we consider all hydrophobic residues to

act as P10 residues in correlation to the centrally located Arg residue

(P1). Again, the incorporation of DfeGly and TfeGly emerges a further

cleaving site in which these amino acids serve as additional P1 resi-

dues. An increase in intrinsic hydrophobicity and spatial demand, con-

sequently, acts as leverage for favored P1-S1 interactions in terms of

α-chymotrypsin.

F IGURE 9 Cleavage positions observed in the enzymatic
digestion of AbuR14, MfeGlyR14, DfeGlyR14, and TfeGlyR14 with
α-chymotrypsin and β-trypsin. Detailed digestion profiles of each
peptide can be found in the Data S1. Cleaving sites are illustrated

with squiggly lines (red-colored).
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When selecting β-trypsin as an enzyme we obtained, as described

for the SAJO-derivatives, comparable digestion plots. A slight differ-

ence was constituted for DfeGlyR14 and TfeGlyR14 since both sub-

strates possess a further cleavage site between the acetylated Arg

(P1) and respective hydrophobic moiety (P10) on the N-terminal

strand. Similarly, an increase in fluorination exhibits an enhanced

hydrophobic character and, thus, attracts the fluorinated residue into

the S10 subsite of β-trypsin.

In summary, we explored and quantified a retainment of enzy-

matic degradability (when using α-chymotrypsin and β-trypsin) for

both amphipathic motifs despite the degree of side chain fluorination.

Experimentally described fluorine-triggered changes on the main

cleavage sites suggest favored interactions of these non-natural deriv-

atives with both proteases. This interesting and rarely described phe-

nomenon[21] is going to be further pursued in future work.

4 | CONCLUSION

In this work, we elucidated the impact of side chain fluorination on

the antimicrobial activity and proteolytic stability for two series of

amphipathic β-hairpin peptides. The incorporation of a wide range of

unnatural & aliphatic building blocks with distinctive degrees of fluori-

nation retained secondary structure formation and functioned as an

approach to strengthen peptide hydrophobicity. MIC screenings

revealed a correlation between fluorine-enhanced hydrophobicity and

superior AMP activities. In this manner, the peptide SAJO-PfpGly

equipped with two pentafluoro-alkylated residues was identified as

the most potent AMP within this work. Simultaneously, our results

may indicate a decrease in AMP activity by fluorine-induced polarity

originating from the partially fluorinated side chains of MfeGly and

DfeGly. All peptides presented in this work revealed zero or low

values of blood cell hemolysis and cytotoxicity, which opens the door

for potential therapeutical applications. Most interestingly, the imple-

mentation of fluorinated amino acids has been proven in this context

to preserve peptide degradability while causing notable changes in

enzyme-substrate recognition. This is supported by the identification

of diverse cleaving sites for the fluorinated substrates. Our data set

confirms fluorinated amino acids even with a large fluoroalkyl side

chain (PfpGly) to be tolerated as substrates by α-chymotrypsin and

β-trypsin; a finding that could be useful for the de novo design of arti-

ficial but enzyme-degradable peptide biomaterials. Herein described

biological properties of the polyfluorinated β-hairpins highlight the

tremendous opportunities which tailor-made fluorinated amino acids

offer as a toolbox in modern peptide engineering to develop next-

generation peptide-based antimicrobial drugs.
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