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ABSTRACT: The increase in antibacterial resistance is one of the
greatest challenges in modern medicine, driving an urgent need to
develop new drugs to combat resistant pathogens. Peptides
represent a promising class of molecules that can be efficiently
designed to exhibit high antimicrobial efficacy. Recently, we have
highlighted how prestructuring by a triazolyl-bridge significantly
enhances the activity of an antimicrobial peptide. To learn more
from these findings, the aim of this study is to relate the NMR-
based structure of a triazolyl-bridged peptide to its antimicrobial
activity against Gram-positive and Gram-negative bacteria in
comparison to its linear analogues. As we show, the triazole
modification indeed induces a well-defined α-helical structure,
resulting in an improved positive electrostatic surface potential on one side of the peptide and clustering of hydrophilic and
hydrophobic residues on opposite surface areas of the molecule. Systematic alanine substitution further suggested that the side
chains of arginine 3 and 7 and of asparagine 11 have a stronger productive impact on antimicrobial activity than those of lysine 4, 8,
and 12. As shown by micelle-bound peptide structures determined by NMR, we identify arginine 3 and asparagine 11 as presumable
membrane-interacting residues. Collectively, our NMR-based analysis provides evidence that an α-helical structure enhances
antimicrobial activity by creating positively charged and hydrophilic, and hydrophobic areas as molecular surface signatures,
potentially promoting the interaction of the peptide with the cellular target membrane.

■ INTRODUCTION
The discovery of antibiotics revolutionized the field of
medicine; however, the extensive use of these substances has
led to the spread of increasingly resistant bacteria. To date, the
phenomenon of antibiotic resistance is considered one of the
greatest challenges in modern medicine and the development
of new molecules with antibacterial activity has become a
priority in biomedical research.1−3 So-called antimicrobial
peptides (AMPs) represent a promising class of such
antibacterial substances as they are easy to design and can
be rapidly synthesized with optimal purity and high yield.4 In
recent years, the use of peptides as therapeutics has increased,
thanks to the development of solid-phase peptide synthesis
(SPPS). This methodology allows one to obtain peptide
sequences in large quantities and within relatively short
timescales. The modular nature of these molecules facilitates
modifications to tune molecular features, which is a significant
advantage in the design of therapeutics.4 However, one of the
challenges of using peptides as therapeutics is their low stability
in the cellular environment, where they can be easily
hydrolyzed by proteases.5 In recent years, strategies have
been developed to increase proteolytic stability and thus
improve pharmacokinetics, such as through the synthesis of

retro-inverso (ri) peptides, the use of non-natural amino acids,
or the insertion of staples.6−9 As mentioned above, AMPs have
emerged as promising molecules to tackle antibiotic resist-
ance.10 Many of these peptides are characterized by the high
content of positively charged residues such as lysine and
arginine and therefore have a net positive charge at
physiological pH.11,12 In addition, AMPs often consist of
nearly 50% hydrophobic residues and thus exhibit important
amphipathic properties.13 Thanks to these characteristics, such
peptides are capable of interacting with negatively charged
moieties in bacterial cell surface phospholipids, thereby
disrupting the integrity of the target membranes. Another
class of peptides that may have properties similar to those of
AMPs is cell-penetrating peptides (CPPs). CPPs are usually
short peptides with the ability to cross cellular membranes and
to carry attached cargoes inside cells while exhibiting minimal
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toxicity.14,15 Like AMPs, they are often composed of basic
residues and display amphipathic structures, and some of them
are also able to interfere with bacterial cell membranes.16

Recently, we have shown how we can tailor the antimicrobial
activity of a CPP in a rational multistep approach of amino
acid substitution.17 Moreover, in our previous studies, we have
seen that the alternation of basic and hydrophobic residues and
a well-defined secondary structure allows to significantly
improve amphipathic properties and thus membrane-activity
in general.18 Following this, we demonstrated that stabilization
of an amphipathic α-helix by installing a side-chain-to-side-
chain triazolyl-bridge (Scheme S1) in the basic and hydrophilic
part of one of our hit peptides (namely, RL-8 and leading to
peptide 8A) resulted in significantly higher antimicrobial
activity compared to the corresponding linear peptide.19 In

fact, 8A demonstrated remarkable activity against Gram-
positive and Gram-negative bacteria as well as pathogenic
bacterial species. On the other side, when the triazolyl-bridge
was installed in the hydrophobic part of the peptide, the
antimicrobial activity was drastically reduced. Therefore,
balancing out structural aspects with physicochemical proper-
ties might be strategic to developing peptides with improved
antimicrobial activity. Inspired by these considerations, we
were eager to evaluate the importance of chemical features for
the structure and antimicrobial activity of peptide 8A.
Therefore, we performed an alanine-scan at amino acid
positions i and i + 4 in the basic and hydrophilic part of the
linear parent peptide RL-8 (Figure 1), while maintaining its net
charge, and tested all new variants for antimicrobial activity.
Furthermore, we aimed to define in more detail the structure

Figure 1. Helical wheel projections of designed and analyzed peptides. The N- and C-termini are indicated by red upper-case letters, and amino
acids are reported using one-letter code in upper-case (in the retro-inverso peptides ri-RL8 and ri-8A in lower-case). Positively charged residues are
highlighted in blue, asparagine 11 (asparagine 2 in the retro-inverso peptides) in pink, hydrophobic residues in yellow, and all other residues in
gray. Acetylation and the triazolyl-bridge are depicted by their chemical structures, and L-propargylglycine and L-ε-azido-norleucine are X and Z,
respectively. Modified amino acid positions are indicated by i and i + 4 (in green) to highlight the distance in the peptide sequence.
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of the triazolyl-bridged peptide 8A by NMR spectroscopy to
correlate the structure with antimicrobial activity. As it is a
promising candidate for further optimization toward highly
potent and selective antimicrobial peptides, structural studies
may help to explore potential for chemical modification and to
provide the basis for establishing the mechanism of its
antimicrobial function. Our results do indeed highlight how
we can explain the biological activity of AMPs by careful
structure−activity-relation studies.

■ MATERIALS AND METHODS
Peptide Synthesis. All peptides were synthesized on Rink

amide resin by automated SPPS on a multiple Syro II peptide
synthesizer (MultiSyntech, Witten, Germany), while the
triazolyl-bridged and retro-inverso peptides were synthesized
with the PurePep Chorus (Tucson, AZ, USA) following the
Fmoc/tBu-strategy. The following Fmoc-amino acids were
used: Fmoc-Ala-OH, Fmoc-Phe-OH, Fmoc-Gly-OH, Fmoc-
Lys(Boc)-OH, Fmoc-Leu-OH, Fmoc-Asn(Trt)-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Nle(ε-N3)-OH, and Fmoc-Pra-OH.
Fmoc deprotections were performed with a solution of 20%
piperidine in DMF. Peptide assembly was performed by
repeating twice the SPPS standard coupling cycle for each
amino acid, using Fmoc-protected amino acids (8 equiv in
DMF), OxymaPure (8 equiv in DMF), and DIC (8 equiv in
DMF). N-acetylation was eventually performed using a
solution of 10% Ac2O in DMF solution for 10 min at room
temperature. The triazolyl-bridge in the peptides 8A and ri-8A
was installed exploiting the CuAAC click reaction as reported
elsewhere.20,21 Briefly, the resin charged with the all-protected
Fmoc-peptide was treated with CuBr, 2,6-lutidine, and sodium
ascorbate in DMSO:DMF (1:2) for 10 min under microwave
irradiation (55 °C, 60 W). Final cleavage and side-chain
deprotections were performed using a mixture of TFA/TIS/
H2O (95:2.5:2.5, v/v/v) at room temperature. After 3 h, the
resin was filtered off. The peptides were precipitated with cold
Et2O and centrifuged and lyophilized. Purification of peptides
was achieved by preparative reverse-phase HPLC on a C18
column and analyzed by analytical HPLC ESI-MS (LTQ XL,
Thermo Scientific, Waltham, MA, USA) (Figures S1−S9).

Antimicrobial Activity Assay. In order to test the
peptides for antimicrobial activity, we set up an assay analyzing
the efficacy against Bacillus spizizenii (ATTC 6633, B. spizizenii
subspecies spizizenii) and Salmonella typhimurium (TA100).
Bacterial cultures with an optical density of more than 0.7 at
600 nm were used. In a 96-well plate, 180 μL of minimal-
medium (10 mM Tris, 5 mM glucose), 10 μL of bacterial
suspension, and 10 μL of peptide solution were mixed. The
resulting cultures were screened at several different peptide
concentrations ranging from 0.1 to 25 μM (in triplicates). To
test the assay, pure H2O and Ciprofloxacin at a concentration
of 5 mg/mL were used as negative and positive controls,
respectively (data not shown). All samples were then incubated
at 37 °C for 4 h. Afterward, 10 μL of a 1 mg/mL solution of
iodonitrotetrazolium chloride in pure DMSO was added to
each well, and samples were further incubated for 15 min at 37
°C. Finally, the absorption of formazan at 560 nm in each well
was measured using a Tecan infinite M200 plate reader (Tecan
Group AG, Man̈nedorf, Switzerland).

NMR Spectroscopy. NMR experiments were performed
on a Bruker Avance III HDX 500 MHz NMR spectrometer
equipped with a cryogenically cooled 5 mm 1H/13C/15N TCI-
probe. For each peptide sample, approximately 10 mg of

peptide was dissolved in 90% H2O/10% D2O, and all NMR
spectra were recorded at 298 K. For NMR experiments on
analysis of peptide−micelle interactions, 10 mg of peptide was
dissolved in 90% H2O/10% D2O and 10 mM n-dodecyl-β-D-
maltopyranoside (n-dodecylphosphocholine, DPC, the critical
micelle concentration is 1.5 mM). Resonance assignments
were achieved via a set of scalar coupling-based spectra
(1H,1H-TOCSY, 1H,13C-HSQC, and 1H,15N-HSQC), and
structures were calculated based on two-dimensional 1H,1H-
NOESY experiments. 1H,1H-TOCSY experiments using
WATERGATE solvent suppression were recorded with 100
ms mixing time and 32 scans, and 204 and 128 ms were
acquired in the direct and indirect dimensions, respectively
(spectral widths of 10 ppm in both dimensions were used).
1H,13C-HSQC spectra were acquired using water flip-back and
WATERGATE with 128 scans for aliphatic carbons. 146 ms
were recorded in the 1H dimension at a spectral width of 14
ppm, and 17 ms at a spectral width of 60 ppm in the 13C
dimension. 1H,15N-HSQC experiments using water flip-back
and WATERGATE were recorded with 64 scans and 146 ms at
a spectral width of 14 ppm in the 1H dimension and 126 ms at
a spectral width of 80 ppm in the 15N dimension. 1H,1H-
NOESY spectra were acquired with water flip-back and
WATERGATE, 32 scans, a mixing time of 500 ms, and 204
ms and 128 ms were acquired in the direct and indirect
dimensions, respectively (spectral widths of 10 ppm in both
dimensions were used). All spectra were processed using
TopSpin version 3.6 and analyzed using MestreNova.
Structures were calculated using Artificial Intelligence for
NMR Applications (ARTINA) on the NMRtist cloud
computing service, employing FLYA automated chemical
shift assignment and structure calculation with CYANA.22,23

All observed chemical shifts and their assignments were
checked manually and are listed in the Supporting Information
(Tables S2−S6, S9, and S10).

CD Spectroscopy. CD spectra of the peptides were
recorded using quartz cells of 0.1 cm path length with a
JASCO J-715 CD spectropolarimeter (JASCO, Pfungstadt,
Germany) in an N2 atmosphere at 20 °C. Each spectrum was
measured in the 260−190 nm spectral range, 2 nm bandwidth,
3 accumulations, and 50 nm/min scanning speed. The
peptides were dissolved in H2O or H2O:TFE 1:1 (v/v) at a
concentration of 20 μM.

Preparation of Giant Unilamellar Vesicles and
Fluorescence Microscopy. To prepare GUVs, a thin agarose
film was formed on a microscope slide by melting 1% (w/v)
super low-melting agarose in deionized water using a
microwave. A volume of 200 μL was spread out and dried at
50 °C for 30 min on a heating plate. Subsequently, 10 μL of a
lipid mixture (1,2-Dioleoyl-sn-glycero-3-phospho-rac-1-glycer-
ol (DOPG) and 1,2-Dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE) in 1:1 molar ratio) containing 0.2 mol %
Atto550 was applied to the agarose layer, evenly distributed,
and dried under vacuum in an exicator for 60 min to remove
chloroform. A sealing ring was placed around the dried, stained
lipid film, which was then hydrated with 150 μL of dextran
buffer (10 mM HEPES, pH 7.4, 50 mM KCl, 50 mM NaCl, 1
mg/mL dextran) containing 3 μL of Oyster405 (Luminaris
GmbH, Münster, Germany) for encapsulation of the blue dye.
Slides were incubated at room temperature for 2 h. After
incubation, GUVs were harvested by centrifugation at 20,000g
for 10 min. The supernatant was discarded, and the pellet was
resuspended in 300 μL of fresh dextran buffer. For
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fluorescence microscopy, 40 μL of the GUV suspension was
mixed with 1 μM of the respective peptide solution (the
peptides have been labeled at the N-terminus with 5,6-
carboxyfluorescein as previously described)19 and adjusted to a
final volume of 100 μL with dextran buffer in an Ibidi plate.
After 30 min of incubation at room temperature, the GUVs
were imaged using a BZ-X800E fluorescence microscope
(Keyence, Osaka, Japan), and the images were processed with
ImageJ.

■ RESULTS AND DISCUSSION
Design of the Peptide Library. In the first set of

experiments, we examined how the antimicrobial activity of 8A
is related to specific amino acid side chains in its sequence.
Therefore, we generated a small library of new peptides by
replacing each amino acid residue with alanine in the
hydrophilic part of RL-8 and aside to the residues selected
to insert the triazolyl-bridge within peptide 8A (Table S1).
Peptides were synthesized using an automated SPPS approach,
and peptide 8A was generated as previously described by
introducing a triazolyl-bridge between L-propargylglycine and
L-ε-azido-norleucine using the Cu(I)-catalyzed azide−alkyne
cycloaddition click reaction (Scheme S1).19 Particularly, we
systematically replaced residues having a basic, polar, or
hydrophilic nature by alanine. This resulted in peptides AA-1
(substitution of lysine 4 and 8), AA-2 (substitution of arginine
3 and 7), AA-3 (substitution of lysine 8 and 12), AA-4 (N-
terminal addition of acetylated-alanine and substitution of
lysine 4), and AA-5 (N-terminal acetylation of glycine 1, and

substitution of arginine 7 and asparagine 11). In all the
peptides, we maintained the net charge as +4, to avoid any type
of influence of the net charge on the biological activity. Beside
these peptides, we included also the parent peptides RL-8 and
8A as controls and for comparison in our study. All peptides
presented here feature distinct distribution of hydrophobic and
hydrophilic amino acids, as highlighted by their helical wheel
projections (Figure 1). As mentioned above, retro-inverted
peptides can have enhanced proteolytic stability. We thus
additionally designed and synthesized retro-inverso (ri)
variants of RL-8 and 8A leading to the peptides ri-RL-8 and
ri-8A (Table S1).

Introduction of a Triazolyl-Bridge Enhances Anti-
microbial Activity, and Arg3, Arg7, and Asn11 Are
Important for Efficacy. All the peptides were tested against
two bacterial strains, namely, Gram-positive B. spizizenii and
Gram-negative S. typhimurium (Figure 2). We selected these
species since antimicrobial peptides against them were
previously studied and we were thus able to directly compare
the observed efficacy of our peptides.19 The peptides RL-8,
AA-1, AA-3, and AA-4 all show comparable potency against
Gram-positive B. spizizenii, whereas AA-2 and AA-5 have
substantially lower antimicrobial activity, as measured by
relative cell viability, which is most obvious at peptide
concentrations of 5 μM and 10 μM (Figure 2A). The same
result was obtained in the case of Gram-negative S.
typhimurium, except for AA-4, which performs somewhat
better than the parent peptide RL-8 and all other analogues at
peptide concentrations of 0.5 μM and 1 μM (Figure 2B). In

Figure 2. All peptides were tested for antimicrobial activity, as measured by the relative cell viability of B. spizizenii (A and C) and S. typhimurium
(B and C). Note the different ranges of peptide concentration testing RL-8 and AA-1 through AA-5 in panels (A) and (B) and RL-8, 8A, ri-RL-8,
and ri-8A in panels (C) and (D).
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comparison to RL-8, peptide 8A performs as previously
described, featuring a 2-fold and 4-fold reduction in relative
cell viability against B. spizizenii and S. typhimurium,
respectively, at 0.5 μM concentration (Figure 2C and 2D).
We have recently compared 8A with the antimicrobial peptide
LL-37, which is widely applied to address infections caused by
bacteria, fungi, and viruses.19 In these studies, 8A performed
slightly less effectively than LL-37 in activity assays against
methicillin-resistant Salmonella aureus. Also, the retro-inverso
variants ri-RL-8 and ri-8A show higher efficacy than RL-8, with
ri-8A having the same antimicrobial activity as 8A and ri-RL-8
being somewhat less potent than these two peptides (Figure
2C and 2D). Regarding the alanine-containing analogues in
more detail, peptides AA-1, AA-3, and AA-4 show similar
activities against both bacterial strains as the linear peptide RL-
8, except for AA-4 being somewhat more potent against S.
typhimurium than RL-8 as mentioned above. Consequently,
substituting lysine 4, 8, or 12 by alanine or adding acetyl-
alanine at the N-terminus did not substantially influence the
efficacy of the peptide. We thus can conclude that these
residues and extension of the peptide sequence by one more
amino acid, acetyl-alanine, do not play a major role in
mediating the antimicrobial activity. In contrast, peptides AA-2
and AA-5 demonstrate a significant decrease in antimicrobial
activity within the range of tested concentrations (Figure 2A

and 2B). Whereas this effect is not observed at lower
concentrations (0.5 and 1.0 μM), it becomes obvious at 5
and 10 μM. Consequently, arginine residues 3 and 7 and
asparagine 11 may be functionally relevant for the potency of
the molecule. The N-terminal acetylation of glycine 1, in
contrast to peptide AA-4 without extending the amino acid
sequence by alanine, may play an additional role in reducing
the efficacy of the peptide. This finding might suggest that the
N-terminus is likely involved in the molecular mechanism of
the peptide activity, however, only when the first amino acid is
not alanine and/or when the sequence contains 12 and not 13
amino acids in length as AA-4 overall performs comparable to
RL-8. Notably, the observed differences concerning arginine
residues 3 and 7, asparagine 11, and the N-terminal acetylation
of glycine 1 are more pronounced in the assay tested against B.
spizizenii than in the one against S. typhimurium (Figure 2A
and 2B). This might be related to the differences in cell
membrane composition as well as general accessibility of the
peptides to the cell membrane. At 25 μM peptide
concentration, all of the peptides exhibited the same activity.

High-Resolution Peptide Structures Determined by
NMR Spectroscopy. To better understand the increased
antimicrobial activity achieved by introducing the triazolyl-
bridge between amino acid residues at positions 4 and 8, we
then determined the high-resolution structure of peptide 8A by

Figure 3. Conformational ensembles representing the ten lowest energy states obtained by NMR spectroscopy of the peptides (A) 8A, (B) RL-8,
(C) AA-2, (D) ri-RL-8, and (E) ri-8A. Blue lines represent the peptide backbone and orange lines the side-chain triazolyl-bridge between L-
propargylglycine and L-ε-azido-norleucine at amino acid positions 4 and 8, respectively. For better orientation, the N- and C-termini are indicated
by one letter code and the amino acid position. (F) Amide−amide region of the 2D 1H,1H-NOESY spectra of 8A (measured in 90% H2O/10%
D2O at 298 K with 500 ms NOESY mixing time at a 500 MHz NMR spectrometer). Amino acids are abbreviated based on one letter code, Pra = L-
propargylglycine.
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NMR spectroscopy (Figure 3A). The structure shows a well-
defined α-helix, with three turns starting at glycine 1 and a
turn-like conformation for the very C-terminal amino acids
asparagine 11 and lysine 12. In the structure, we observe the
expected hydrogen bonding pattern for an α-helix between the
backbone amide group of residue i and the carbonyl group of i
+ 4. The α-helical structure is further reflected in the detected
characteristic amide−amide NOE cross-peak pattern between
7.6 and 8.8 ppm 1H chemical shift featuring many sequential
connections along the peptide backbone (Figure 3F). To
evaluate whether the structure can be correlated with
antimicrobial activity, we further determined the high-
resolution structure of the linear parent peptide RL-8 by
NMR spectroscopy (Figure 3B). Noteworthily, the NMR
structure of RL-8 is significantly different from the one of 8A;
it resembles more a random-coil-like structure and does not
exhibit a defined secondary structure. As expected, we also did
not detect a cross-peak pattern in the amide region of the
NOESY spectrum characteristic for a secondary structure such
as α-helix or β-sheet (Figure S10A). Only three NOE cross-
peaks between amides reflecting sequential connections were
observed, namely, between those of arginine 3 and lysine 4, of
leucine 10 and asparagine 11, and of asparagine 11 and lysine
12. It was then our interest to gain further insight into
structural features that we could assign to the differences in
activity between RL-8 and one of the peptides screened that
was characterized by a minor performance. We therefore
determined the high-resolution structure of peptide AA-2 as
well (Figure 3C). It contains asparagine 11, which was already
assumed to be important for efficacy and interaction with the
target membrane;24 therefore, we chose AA-2 and not AA-5.
Peptide AA-2 contains alanine replacing arginines 3 and 7 and
shows a much weaker effect on the relative cell viability, thus
featuring lower antimicrobial activity (Table S1, Figures 1, 2A
and 2B). Overall, the structure of AA-2 conforms to the one of
RL-8, potentially with a somewhat higher tendency toward
random coil formation (Figure 3C). This is not surprising as
alanine at positions 3 and 7 provide a higher degree of
flexibility than arginine at these positions. The observation of
only one cross-peak in the amide region of the NOESY
spectrum, between lysine 4 and leucine 5, is in good agreement
with an even more unstructured peptide (Figure S10B). In
summary, the NMR structure of 8A is considerably different
from the the ones of RL-8 and AA-2. Peptide 8A adopts a well-
defined α-helical structure, whereas RL-8 and AA-2 constitute
random coil-like conformations. From these results, we
hypothesize that preformation and rigidification of α-helicity
might be one important factor to explain the high antimicrobial
activity of 8A. To explain the observed comparable
antimicrobial activity of retro-inverso peptides ri-RL-8 and ri-
8A, we focused our attention on NMR structure determination
of these peptides as well. The ten lowest energy states of ri-RL-
8 as determined by NMR show highly unstructured
conformations with no characteristic secondary structure
element (Figure 3D). We detected five NOE cross-peaks in
the amide region, all of them reflecting sequential connections,
as expected for an unstructured and thus presumably highly
flexible peptide (Figure S10C). Peptide ri-8A features an α-
helix-like structure, however, with much higher flexibility
compared to the structure of its parent peptide 8A as we
observe a larger variation between the calculated low-energy
states (Figure 3E). This agrees well with the observed NOE

cross-peak pattern in the amide region that shows mostly
sequential connections (Figure S10D).

CD Spectroscopy Confirms High-Resolution NMR
Structures of All Peptides, and Chemical Modification
Promotes Proteolytic Stability. To validate the secondary
structures analyzed by NMR spectroscopy, we performed CD
spectroscopy of all of the tested peptides. The linear peptide
RL-8 as well as AA-2 and ri-RL-8 exhibit CD curves typical for
random coil structures (Figure 4A). Only peptides 8A and ri-
8A show CD spectra characteristic for an α-helical structure
under the same conditions as the NMR experiments, i.e., in
neat H2O, with 8A displaying a substantially more distinct α-
helical signature in the CD spectrum than ri-8A (Figure 4A).
The retro-inverso peptides feature reversed CD spectra as they

Figure 4. CD spectra of the peptides indicated by the legends
recorded in (A) neat H2O and (B) a solution of 50% TFE in H2O.
(C) Stability assay of peptides RL-8, 8A, ri-RL-8, and ri-8A in human
serum. Peptide quantities were identified by acetonitrile precipitation
at time points 0, 15, 30, 45, 60, 90, 120, and 240 min.
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contain D-amino acids, i.e., they are enantiomers that show
properties in circular dichroism spectroscopy characteristic for
optical isomers.25 To test if these observed secondary
structures can be modulated, we employed a 1:1 mixture of
H2O and trifluoroethanol (TFE), which is widely used to
promote the structuring of peptides.26,27 Under these
conditions, we detected for all tested peptides CD spectra
characteristic for α-helical secondary structures (Figures 4B
and S11B). This result corroborates that 8A, RL-8, AA-2, ri-
RL-8, and ri-8A indeed adopt the structures determined by
NMR spectroscopy, and that the structures of the remaining
peptides most likely resemble the ones of RL-8 and AA-2
(Figures 4A and 4B, S11A,B). α-Helix-formation of 8A in neat
H2O and of all other tested peptides in H2O:TFE was further
reflected in the expected ratio of minima in ellipticity at
wavelengths of 208 and 222 nm (so-called R-value), which is a
well-established approximation of the content of helicity
(Table S7).28 A ratio of 88.6 was calculated only for peptide
8A already in neat H2O, supporting the idea that it forms an α-
helical secondary structure in this medium. In H2O/TFE,
however, all other peptides exhibit ratios between 70 and 90,
again confirming that the peptides can be forced into an α-
helical structure in this medium as expected. The determined
R-values further indicate that all peptides are in solution
without aggregating, as has been shown in previous
studies.29,30 No visible signs of peptide aggregation have
been observed, even at the applied concentrations for the
NMR experiments. The obtained NMR spectra strongly
suggest that the peptides do not aggregate, as indicated by
the observed chemical shifts, line widths, and signal intensities
(Figures 3F and S10, S12A,B, and Tables S2−S6, S9, and S10).
To further control for potential peptide aggregation, we
monitored the relative hydrophobicity based on the content of
acetonitrile during HPLC-based preparation, suggesting as well
that no aggregation occurs (Table S8).
As not only the secondary structure but also the

incorporation of different moieties, such as the triazolyl one,

can influence the stability of peptides against proteolytic
degradation (thereby enhancing their antimicrobial activity
through lifetime elongation), we monitored the relative
peptide abundance of RL-8, 8A, ri-RL-8, and ri-8A in human
serum over time (Figure 4C).31,32 As expected, the linear,
nonmodified, and unstructured RL-8 is rapidly degraded by
proteases. In contrast, 8A, ri-RL-8, and ri-8A show much
higher proteolytic stability, with the two retro-inverso peptides
being less prone to degradation. Particularly, ri-RL-8 remains
stable for up to 4 h, whereas the linear RL-8 is almost fully
degraded after 120 min. These data indicate that chemical
modification seems to be critical to achieving substantial
proteolytic stability. The triazolyl moiety and the retro-inverso
peptide sequences inhibit cleavage by proteases, as observed in
earlier studies.6,8 However, as 8A and ri-8A show the same
antimicrobial activity, which is higher than the one of the
unstructured ri-RL-8 that features proteolytic stability com-
parable to that of 8A and ri-8A, the α-helical structures of the
triazolyl-bridged peptides must be fundamental for enhancing
the potency against the two tested pathogens (Figures 2C,D,
3A,D,E, and 4C). To analyze this finding in more detail, we
further studied the molecular surfaces of the peptides regarding
their potential to interact with the cellular membrane of the
target pathogen.

Molecular Surface Signatures of Peptide 8A Promote
Chemical Features to Interact with Cellular Mem-
branes. To rationalize why 8A exhibits a substantially better
antimicrobial activity than RL-8, AA-2, and ri-RL-8 and
performs similarly to ri-8A, we analyzed features of the
molecular surface in these five peptides (Figure 5).
We first investigated the distribution of the electrostatic

surface potential as the cellular membrane of the bacteria
features negatively charged moieties in the head groups of
phospholipids, thus providing a basis for noncovalent
interaction of the peptide with the target. For peptide 8A,
we observed two distinct areas of positive charge on its surface,
mostly clustered on one specific side of the molecule (Figure

Figure 5. Structural surface characteristics of the conformational ensembles of the peptides (A) 8A, (B) AA-2, (C) RL-8, (D) ri-RL-8, and (E) ri-
8A. For each peptide, the electrostatic surface potential and the surface hydrophobicity according to Kyte−Doolittle are shown, based on the scales
at the bottom right. The surface orientations in each panel are related to the orientation of a representative structure from the structural ensembles
shown on the left (the triazolyl-bridge in 8A and ri-8A is shown in orange).
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5A). In contrast, the positive charge on the molecular surface
of peptide AA-2 is somewhat more scattered and not arranged
in specific sites (Figure 5B). This is of course expected due to
the substitution of arginine 3 and 7 by alanine. We therefore
analyzed the positive charge distribution on the molecular
surface of the parent peptide RL-8 as well (Figure 5C). Here,
the positive charge is more pronounced since the overall net
charge is +6 and not +4 as in 8A and AA-2. However, the
positive charge is arranged in a more dispersed fashion than in
8A and AA-2. The retro-inverso linear peptide ri-RL-8 shows a
similar distribution of positive charge on the molecular surface
as RL-8 (Figure 5D). Interestingly, in ri-8A, the positive charge
is arranged in distinct areas similar to 8A, however, at different
and less well-defined locations (Figure 5E). It seems obvious
that the α-helical structures of 8A and ri-8A cause clustering of
positive charge on one side of the peptide, creating a positively
charged area along the α-helix toward the N-terminus in case
of 8A. This is not reflected by the charge distribution in ri-8A,
potentially due to the higher flexibility of the structure as
observed by NMR (Figure 3E). The surfaces of AA-2, RL-8,
and ri-RL-8, on the contrary, exhibit positively charged spots.
We thus can conclude that the α-helical structure provides a
basis for establishing an extended patch of positive charge,
potentially enabling the peptide to bind more efficiently to the
negatively charged phosphate groups of phospholipids in the
cellular target membrane. At the same time, the decreased
antimicrobial activity of AA-2 compared with that of RL-8 may
be predominantly due to the overall reduction in positive
charge. Furthermore, these findings agree well with the high
importance of arginine 3 and 7 and asparagine 11 for
antimicrobial activity observed in the antimicrobial assays
(Figure 2A and 2B). As already mentioned, asparagine might
be important to support hydrogen-bonding within the α-
helices when embedded in the membrane.24 The higher
importance of arginine for functionality compared to lysine
could be related to both the higher pKa of the guanidinium
group compared to that of the amine group (pKa of about 12.5
vs 10.5) and a higher polarity of the side chain.33 Replacing
arginine with alanine therefore decreases the polarity of the
hydrophilic side chain considerably more than replacing lysine.
The effect of clustering specific molecular surface features,

termed molecular surface signature, is similarly evident in the
case of hydrophobicity. Peptide 8A has clearly a hydrophobic
area on one side and a hydrophilic area on the opposite side of
the molecule (Figure 5A). This observation is strongly in
contrast to the distribution of hydrophobic and hydrophilic
sites in peptides AA-2, RL-8, and ri-RL-8, where they are
scattered much more randomly over the surface of the
molecules (Figure 5B−D). Interestingly, the hydrophilic site
on peptide 8A correlates well with the positively charged patch
on the molecular surface. Thinking about an interaction with
the cellular membrane of the target pathogen, this clustering of
hydrophobicity in the α-helix-based peptide may promote
again interaction with phosphate groups, in conjunction with
the electrostatic interaction. The distinct hydrophobic site,
located on the opposite side of the molecule from the
hydrophilic and positively charged site, potentially plays an
important role in penetrating and thereby disrupting the
cellular membrane. This observation is supported by the same
relative organization of positive charge, hydrophilicity, and
hydrophobicity within the molecular surface of ri-8A, in which
the hydrophilic site also matches the positively charged area,
and the hydrophobic site is on the opposite side as in 8A

(Figure 5E). In fact, our previous study revealed that installing
the triazolyl-bridge in the hydrophobic part of the peptide did
not lead to enhanced antibacterial potency.19 This may be due
to the somewhat hydrophilic nature of triazole, which probably
disrupts hydrophobic clusters and thereby changes the
hydrophobic moment of the peptide. As seen in the high-
resolution NMR structure, the triazole is located opposite to
the hydrophobic cluster in 8A and ri-8A (Figure 5A,E),
potentially explaining the substantial increase in the anti-
microbial activity of these peptides. An additional reason for
this enhancement might be the larger conformational space
sampled by the peptides RL-8, AA-2, and ri-RL-8. This
provides a higher structural flexibility of these peptides and
thus in molecular signature compared to the well-structured, α-
helical peptide 8A. Even though ri-8A shows a somewhat
higher flexibility than 8A, it still forms an α-helical structure
(Figure 3A and 3E). The interaction of 8A and ri-8A with the
target cell membrane may be therefore entropically more
favored than in the case of RL-8, AA-2, and ri-RL-8, leading to
the observed increase in antimicrobial activity. This effect
might be particularly relevant in the case of AA-2, which has
lower potency against B. spizizenii and S. typhimurium than RL-
8 and ri-RL-8 (Figure 2A−D). All three linear peptides show a
high degree of structural flexibility, with ri-RL-8 being the most
unstructured and RL-8 being the most structured one (Figure
3B−D). In terms of entropy and comparing RL-8, AA-2, and
ri-RL-8, an interaction with the target cell membrane would
thus be most preferential in the case of RL-8, which is well
reflected by the observed highest antimicrobial activity among
these three peptides. However, ri-RL-8 shows lower tendency
toward a well-ordered structure but higher efficacy than RL-8.
Based on this observation, we can conclude that the higher
proteolytic stability of ri-RL-8 compared to that of RL-8 is the
main reason for the higher antimicrobial activity of ri-RL-8
compared to that of RL-8, compensating the effects caused by
high structural flexibility.
The determined structures provide a basis for more detailed

analyses on interactions of the peptides with lipids, which may
be instrumental in further optimizing the peptides in future
studies. We therefore tested the binding of the most effective
peptide from our library, 8A, to giant unilamellar vesicles
(GUVs) composed of lipids and to dodecylphosphocholine
(DPC) micelles and compared our observations to the linear
analogue, RL-8 (Figure S12). To analyze if RL-8 and 8A bind
lipids, we performed fluorescence microscopy imaging on
GUVs composed of a DOPG:DOPE lipid mixture (Figures
S12A). These data show that both peptides interact with lipids
and, thus, potentially with cellular target membranes. In fact,
this is in good agreement with our previous studies on
membrane disruption of 8A and RL-8 by transmission electron
microscopy upon treatment of B. spizizenii and S. typhimurium
and monitored by lactate dehydrogenase release assays.19 To
identify residues as candidates involved in membrane binding,
we performed NMR experiments on 8A and RL-8 in the
presence of DPC micelles, which is a well-established model
system for structural studies of membranes with proteins and
peptides (Figure S12B,C).34,35 8A clearly interacts with DPC
micelles, as monitored by substantial chemical shift changes in
1H,15N-HSQC spectra (Figure S12B and Tables S2 and S9).
We further determined the high-resolution structure of 8A in
the micelle-bound state, highlighting that the α-helical
structure is retained upon interaction (Figures 3A and
S12B). RL-8 binds to DPC micelles as well, again evidenced
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by strong chemical shift changes in the 1H,15N-HSQC spectra
(Figure S12C and Supporting Information Tables S3 and S10).
Interestingly, RL-8 adopts an α-helical structure in the micelle-
bound state, whereas it is disordered when in solution without
DPC (Figures 3B and S12C). This is also reflected by the
change of the 1H chemical shifts of RL-8 from the disordered
range (between 8.0 and 8.5 ppm) without DPC to higher
signal dispersion and α-helical 1H chemical shifts in the
presence of DPC. The observed change of disorder to α-helix
upon micelle interaction supports the above-discussed idea
that membrane binding of RL-8 may be entropically less
favored than in the case of 8A, contributing to the lower
antimicrobial activity of RL-8 (Figure 2). The chemical shifts
of leucine 2, arginine 3, and asparagine 11 are very similar in
the micelle-bound states of RL-8 and 8A, indicating that these
residues are involved in the interaction, which agrees with our
alanine scan (Figures 1, 2, and S12B,C). Based on the NMR
interaction studies on DPC micelles, we cannot conclude that
arginine 7 potentially interacts with membranes, and further
analyzing the role of this residue may thus be useful. In both
micelle-bound peptides, leucine 2 might be structurally
positioned in the same chemical environment by the
interaction of arginine 3 with the micelle, thus affecting its
chemical shifts without directly contributing to binding. In
future studies, it would be worth studying the interaction of
arginine 3 and asparagine 11 with liposomes or bacterial
membranes instead of micelles, and examining the relevance of
arginine 7, by solid-state magic-angle-spinning NMR spectros-
copy, which is a well-established approach to study peptide−
membrane interactions at atomic resolution.35,36

■ CONCLUSION
In this work, we present peptides with antimicrobial activity
against two bacterial species, B. spizizenii and S. typhimurium.
We show that specifically, residues arginine 3 and 7 and
asparagine 11 are key for the efficacy of our designed peptides.
As shown in a previous study, we confirm that the potency can
be further substantially enhanced by installing a triazolyl-bridge
between L-propargylglycine and L-ε-azido-norleucine replacing
lysine 4 and 8.19 We further show that modification of peptides
RL-8 and 8A through retro-inverse synthesis successfully
addresses the problem of proteolytic degradation and
maintains antimicrobial efficacy. In this context, CD spectros-
copy confirms the incorporation of D-amino acids, while
antimicrobial testing against B. spizizenii and S. typhimurium
shows that the retro-inverso peptides exhibit similar or
enhanced activity compared to their regular counterparts.
Proteolytic stability tests reveal that ri-RL-8 remains intact in
human serum for up to 4 h, significantly surpassing the
degradation time of the linear RL-8 peptide. High-resolution
structures determined by NMR spectroscopy further provide
evidence that the introduced triazolyl-bridge between L-
propargylglycine and L-ε-azido-norleucine replacing lysine
residues 4 and 8 leads to a well-defined α-helical secondary
structure of the peptide with substantially enhanced potency,
whereas all tested linear peptides constitute random coils. We
confirm by fluorescence microscopy imaging on GUVs that
peptides RL-8 and 8A bind lipid membranes, and we identify
arginine 3 and asparagine 11 by NMR analysis on DPC
micelles as residues potentially involved in membrane
interaction. NMR-derived structures of RL-8 and 8A in the
micelle-bound state further suggest that the preformation of an
α-helix enhances the antimicrobial activity. This α-helical

conformation creates specific molecular signatures, in partic-
ular, an extended cluster of positive charge and hydrophilic
nature opposite to a hydrophobic patch on the molecular
surface, which may establish a basis for efficient interaction of
the antimicrobial peptide with the cellular membrane of the
target pathogen. As previously shown, 8A also shows
membrane-lytic activity and thus cytotoxicity in mammalian
systems, such as human red blood cells and HeLa cells.19 In
future attempts to develop antimicrobial peptides based on 8A,
considering selectivity as a key aspect is therefore crucial
toward potential application as AMP in the context of
translational medicine.
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