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Introduction

An N-capping asparagine-lysine—proline (NKP)
motif contributes to a hybrid flexible/stable
multifunctional peptide scaffoldt

Marlon H. Cardoso, & *2°<9 | i Y. Chan,  © Elizabete S. Candido,?® Danieli F. Buccini,?
Samilla B. Rezende, ©2 Marcelo D. T. Torres, @ Karen G. N. Oshiro, 9 2¢

ltala C. Silva, ©9 Sénia Goncalves,® Timothy K. Lu,” Nuno C. Santos, ©9 Cesar de la
Fuente-Nunez, @ David J. Craik @ *¢ and Octavio L. Franco ([ *abc

Structural diversity drives multiple biological activities and mechanisms of action in linear peptides. Here we
describe an unusual N-capping asparagine-lysine-proline (NKP) motif that confers a hybrid multifunctional
scaffold to a computationally designed peptide (PaDBS1R7). PaDBS1R7 has a shorter a-helix segment than
other computationally designed peptides of similar sequence but with key residue substitutions. Although
this motif acts as an a-helix breaker in PaDBS1R7, the Asn5 presents exclusive N-capping effects, forming
a belt to establish hydrogen bonds for an amphipathic a-helix stabilization. The combination of these
different structural profiles was described as a coil/N-cap/a-helix scaffold, which was also observed in
diverse computational peptide mutants. Biological studies revealed that all peptides displayed
antibacterial However, only PaDBSI1R7 displayed properties,
Pseudomonas aeruginosa biofilms, decreased bacterial counts by 100-1000-fold in vivo, reduced
lipopolysaccharide-induced macrophages stress, and stimulated fibroblast migration for wound healing.
This study extends our understanding of an N-capping NKP motif to engineering hybrid multifunctional

activities. anticancer eradicated

peptide drug candidates with potent anti-infective and immunomodulatory properties.

fluidity, salt concentration and pH of its environment, a single
peptide may adopt different structural profiles to achieve the
lowest free-energy state for a specific molecular complex (e.g.,

Short bioactive peptides have dynamic structures that include
diverse conformational states such as random coils, a-helices,
B-turns and B-sheets."* The structures of peptides can be
manipulated based on many parameters, ranging from amino
acid composition to the biological environments into which
they are inserted. For example, branched and bulky amino acids
favor rigidity, whereas smaller amino acids elicit flexibility.®
Moreover, depending on the net charge, hydrophobicity,
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peptide-membrane, peptide-peptide or peptide-protein
interactions).*

Much effort has been devoted to designing peptide-based
drugs having constrained scaffolds and well-defined
secondary structures.” Antimicrobial peptides (AMPs), for
instance, are typically designed with the aim of having a well-
defined a-helix conformation when in contact with a target
microorganism to trigger membrane-associated mechanisms of

/Machine Biology Group, Departments of Psychiatry and Microbiology, Institute for
Biomedical Informatics, Institute for Translational Medicine and Therapeutics,
Perelman School of Medicine, Departments of Bioengineering and Chemical and
Biomolecular Engineering, School of Engineering and Applied Science, Penn
Institute for Computational Science, University of Pennsylvania, Philadelphia,
Pennsylvania, USA

¢Instituto de Medicina Molecular, Faculdade de Medicina, Universidade de Lishoa,
Lisbon, Portugal

"Synthetic Biology Group, MIT Synthetic Biology Center, The Center for Microbiome
Informatics and Therapeutics, Research Laboratory of Electronics, Department of
Biological Engineering, Department of Electrical Engineering and Computer
Science, Massachusetts Institute of Technology, Cambridge - MA, 02139, USA

T Electronic supplementary information (ESI) available: Tables S1-S12,
Fig. S$1-S17,1 and supplementary references. See
https://doi.org/10.1039/d1sc06998¢

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc06998e&domain=pdf&date_stamp=2022-08-13
http://orcid.org/0000-0001-6676-5362
http://orcid.org/0000-0002-9346-2487
http://orcid.org/0000-0002-4820-3638
http://orcid.org/0000-0002-6165-9138
http://orcid.org/0000-0002-8813-6433
http://orcid.org/0000-0002-4589-2757
http://orcid.org/0000-0002-0580-0475
http://orcid.org/0000-0002-2005-5629
http://orcid.org/0000-0003-0007-6796
http://orcid.org/0000-0001-9546-0525
https://doi.org/10.1039/d1sc06998e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc06998e
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013032

Open Access Article. Published on 04 August 2022. Downloaded on 3/11/2026 3:17:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

action.® Peptidomimetics have also been developed to stabilize
a particular bioactive structure.”® Although these approaches
have increased the number of peptides with promising thera-
peutic applications for infectious diseases, some studies have
focused on a different direction. Specifically, it has been sug-
gested that both structural flexibility and rigidity could co-exist
in a single peptide scaffold, which can be triggered by specific
amino acid motifs.***

Various amino acid motifs have been identified and incor-
porated in AMPs and correlated with specific biological func-
tions.”® Higher flexibility has been achieved by adding glycine
and flexible w-amino and «,w-diamino acid motifs into AMP
sequences.” Moreover, the incorporation of amino-terminal
Cu(un) and Ni(un) (ATCUN) binding motifs has enabled the
generation of optimized AMPs (catalytic metallodrugs).'**®
Immunomodulatory and antimicrobial properties have been
enhanced in a wasp venom-derived peptide (mastoparan-.) by
adding a hydrophobic amino-terminal pentapeptide motif
(FLPII), which is conserved among diverse naturally occurring
peptides.*®

In addition to these examples, the use of capping amino acid
motifs either at the N-terminus (N-cap) or C-terminus (C-cap) of
linear peptides has been reported to assist a-helix stabilization.
Capping effects in a-helical segments work via the saturation of
NH donors and CO acceptors that can occur, for instance,
through hydrogen bonding 7, i + 2 and i, i + 4."” Thus, the
primary aspect for o-helix capping includes countering the helix
macrodipole and providing additional hydrogen bonding
interactions (at least one) for secondary structure stabiliza-
tion.” Among the amino acid residues commonly used for N-
cap are polar residues with short side chains, including aspar-
agine, serine, and threonine. Interestingly, proline, which is
commonly described as an a-helix breaker, can also be a key
residue for X-Pro capping motifs, where X represents amino
acid residues with N- or C-cap effects.” In this context, identi-
fying novel amino acid motifs with possible capping effects is of
great interest in the design of biologically active peptides,
aiming to further explore the diversity of unusual structural
scaffolds for peptide-based drugs development.

In the present study, three computationally designed
peptides, PaDBS1R2, R3 and R7 (Fig. 1A), presenting flexibility-
inducer residues (e.g., glycine and proline) at different positions
and that could act as novel amino acid motifs, were selected for
biophysical and biological studies. We recently reported the
computer-aided design of these peptides aiming at antibacterial
properties through an automated design methodology (Joker
algorithm), thus generating nine analog sequences (designed
PaDBS1R1 to R9)* (Fig. 1A). Among the PaDBS1 peptides con-
taining a glycine residue, PaDBS1R2 had the highest antibac-
terial potential against a bioluminescent Pseudomonas
aeruginosa strain (minimal inhibitory concentration (MIC) = 1.4
umol L~ ').2° PaDBS1R3 was the only peptide containing two
aliphatic leucine residues preceding an o-helix breaker proline
residue (MIC = 5.8 pumol L™ '); whereas PaDBS1R7 had the
highest activity against P. aeruginosa among the peptides con-
taining an o-helix breaker proline preceded by an asparagine
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(possible N-cap effects) at position 5 and a positively charged
lysine at position 6 (MIC = 2.8 pumol L™%).

Here, these peptides were investigated using a suite of
structural and functional analyses to better understand how
their differences in amino acid compositions would interfere
with their structural scaffolds and how these parameters could
be used as critical physicochemical and structural determinants
for generating peptide drug candidates. We identified the role
of an unusual N-capping asparagine-lysine-proline (NKP) motif
in PaDBS1R7 that conferred this peptide with a hybrid struc-
tural scaffold (coil/N-cap/a-helix) and a broad spectrum of bio-
logical activities.

Results

An N-capping NKP motif contributes to a hybrid peptide
scaffold

Three computationally designed peptides were selected for
structural and functional analysis. A detailed scheme of the
computer-aided design of the peptides is shown in Fig. 1A and
is reported in our previous work.”” PaDBS1R2, R3 and R7 are
cationic peptides with net positive charges +6 or +7, and with
hydrophobic contents of 32% for PaDBS1R2 and R7, and 44%
for R3. In terms of hydrophobic moment, similar values are
observed for PaDBS1R2 and R3 (0.371 and 0.370, respectively),
whereas the R7 peptide has a higher value (0.491) on the
Eisenberg scale* (Table S11), indicating greater amphipathicity
(Fig. S17).

After peptide synthesis by solid-phase (Fmoc) and molecular
mass determination by liquid chromatography/mass spec-
trometry (LC/MS) (Fig. S2-47), experimental biophysical studies
were conducted. The secondary structures of the PaDBS1
peptides were investigated through circular dichroism (CD)
spectroscopy. In hydrophilic conditions, the spectra indicated
the presence of random coil structural profiles (Fig. 1B).
However, as expected for linear cationic peptides, well-defined
a-helix signatures were recorded in the presence of the
secondary structure inducer 2,2,2-trifluoroethanol (TFE)
(Fig. 1C) and in contact with anionic sodium dodecyl sulfate
(SDS) micelles (Fig. 1D). Although similar CD spectra signatures
were observed for all the peptides tested, different o-helical
contents were obtained, with PaDBS1R7 being the least a-
helical peptide (Fig. 1C and D).

To further investigate the structures, nuclear magnetic
resonance (NMR) studies were carried out in aqueous solution
(Fig. 1E and S5) and 30% TFE in water (v/v) (Fig. 1F and S61).
"H NMR spectra revealed that, in both conditions, PADBS1R2
and R3 have similar and better defined spectra than PaDBS1R7,
which shows broader peaks, mainly at the N-terminus (Fig. S5
and S671). As observed in the CD analysis, the aH secondary
shifts for all the peptides in hydrophilic conditions resulted in
random coil arrangements (Fig. 1E). Chemical shifts for the
peptides in 90% H,O (v/v) and 10% D,O (v/v) are summarized in
Tables S2-4F for PaDBS1R2, R3 and R7, respectively.

We performed 1D and 2D NMR experiments in TFE/water
mixtures to assess for possible random coil and a-helical
segments for all the peptides tested. TFE is commonly used for

Chem. Sci., 2022, 13, 9410-9424 | 941
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Fig. 1 Computer-aided design of PaDBS1 peptides and selection of PaDBS1R2, R3 and R7 for structural analysis. (A) For the computer-aided
design of PaDBS1 peptides, 248 a-helical AMP sequences were retrieved from the Antimicrobial Peptide Database (APD),? leading to the
identification of an a-helical set (KK[ILV] x (3)[AILV]). This a-helical set was inserted into a non-AMP ribosomal protein fragment from P. aer-
ophilum (GenBank ID AAL64633 — non-AMP blind sequence with predicted three turns of a-helix), generating nine analogs. From this set,
PaDBS1R2, R3 and R7 presented flexibility-inducer residues (highlighted in red) that could act as novel amino acid motifs, also revealing similar
physicochemical properties and antibacterial potential. CD spectra were obtained in ultrapure water (B), 30% TFE in water (v/v) (C) and 50 mmol
L1 SDS (D). aH secondary chemical shifts in 90% H,O (v/v) and 10% D,O (v/v) (E), 60% H,O (v/v) 30% TFE-d3 (v/v) and 10% D,O (v/v) (F), and
amide proton (NH) temperature coefficients (G) of PaDBS1R2, R3 and R7 are also shown. Values more negative than —0.1 ppm (dashed lines in (E)
and (F)) were interpreted as a-helix formation. Hydrogen bonds were considered for amide temperature coefficient values more positive than
—4.6 ppb K™ (dashed line in (G)). Conserved residues between all the peptides listed are in bold type. The superposition of the ten lowest energy
NMR structures for PaDBS1R2 (PDB: 6CSK) (H), R3 (PDB: 6CSZ) (I) and R7 (PDB: 6CTI) (J) are also shown, along with their Adaptive Poisson—
Boltzmann solver (APBS) electrostatic potentials, with potentials ranging from —5 kT/e (red) to +5 kT/e (blue) (H-J).

studying the secondary structure of peptides as it displaces
water molecules around the peptide backbone, favoring folding.
The oH secondary chemical shifts for PADBS1R2 and PaDBS1R3
revealed o-helical segments from residues 3 to 17, whereas
PaDBS1R7 presented a shorter a-helical segment from residues
7 to 17, thus supporting the CD data (Fig. 1F). Amide proton
temperature coefficient spectra were also recorded from 285 to
310 K, at 5 K intervals, and indicated higher structural flexibility

9412 | Chem. Sci, 2022, 13, 9410-9424

for PADBS1R?7 at the N-terminus, as fewer residues are protected
from the solvent and, consequently, are not involved in the
intrapeptide hydrogen bonding (Fig. 1G). The complete chem-
ical shift data for the peptides in 60% H,O (v/v), 30% TFE-d3 (v/
v) and 10% D,O (v/v) are summarized in Tables S5 to S77 for
PaDBS1R2, R3 and R7, respectively.

The oH secondary chemical shifts (obtained from TOCSY
and NOESY experiments) and NMR temperature coefficient

© 2022 The Author(s). Published by the Royal Society of Chemistry
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spectra, along with "*C-HSQC and "’N-HSQC NMR experiments,
were used to determine the three-dimensional structures of the
PaDBS1 peptides.

The structural statistics are summarized in Table S8.f
Additional validations, including clashscore, Ramachandran
outliers and side-chain outliers, are available in Protein Data
Bank (PDB) under the PDB IDs: 6CSK, 6CSZ and 6CTI for
PaDBS1R2, R3 and R7, respectively. The final structures for
PaDBS1R2 and R3 display well-defined a-helix structures with o-
helical segments from Met2 to Phe18 in R2 (Fig. 1H), and from
Leu5 to Ala17 in R3 (Fig. 1I). For PaDBS1R?7, the final structures
indicate a highly flexible N-terminus region from Pro1 to Lys6,
along with a highly stable and amphipathic a-helical segment
from Pro7 to Alal7 (Fig. 1], Table S1 and Fig. S1t). Considering
that these peptides presented varying levels of structural flexi-
bility in the NMR temperature coefficient analyses, uncon-
strained molecular dynamics (MD) simulations were carried out
under similar NMR conditions to confirm that no virtual
conformations were obtained. As shown in Fig. S7,f the MD
simulations results revealed a high similarity between the
experimental and theoretical structures for PaDBS1R2
(Fig. S7At), R3 (Fig. S7Bf) and R7 (Fig. S7Ct), with root mean
square deviations (RMSD) ranging from 0.56 to 0.98 A for the a-
helical segments, and from 0.93 to 1.12 A for the complete
structures. Interestingly, the presence of a flexible N-terminus
tail in PaDBS1R7 does not seem to interfere with this
peptide's a-helical segment stability, as the RMSD calculated for
its backbone atoms in the a-helical segment was the lowest
among the three peptides (Table S8t). These data encouraged
us to investigate possible N-cap effects in PaDBS1R7 for a-helix
stabilization.

Both PaDBS1R3 and R7 have a proline residue at position 7,
commonly reported as an a-helix-breaker. A comparison of their
N-terminus region shows that these peptides differ mainly by
the presence of two aliphatic leucine residues at positions 5 and
6 in PaDBS1R3, and this seems to assist in the a-helical segment
extension (no a-helix breakage at Pro7). By contrast, PADBS1R7
has an asparagine and a lysine at those same positions,
respectively (Table S17). At positions 4 and 8, both peptides have
positively charged residues. Considering the similarity between
PaDBS1R3 and R7 sequences at the N-terminus and their
substantial difference in terms of structural scaffold (Fig. 1I and
J) we hypothesized that, in this case, not only Pro7 but also Asn5
and Lys6 seem to be involved in this unusual, hybrid scaffold
observed for PADBS1R7. Here, this combination of amino acid
residues in PaDBS1R7 was defined as the ;NKP, motif, from
which we investigated possible N-cap effects.

We investigated the ten lowest energy NMR structures for
PaDBS1R7, aiming at identifying potential Asn5 N-cap proper-
ties. Nine out of ten structures showed that Asn5 plays a crucial
role for PaDBS1R7's a-helix stabilization through hydrogen
bonds between Asn5 side-chain atoms and neighboring amino
acid residues backbone atoms, thus characterizing an N-cap
effect (Fig. 2A). As shown in Table S9,T this N-cap effect is
mainly driven by hydrogen bonds between the Asn5 side-chain
and Lys6, and LeulO carbonyl backbone atoms (hydrogen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bonding i, i + 1, and i, i + 5), with an average hydrogen bond
distance of 3.24 A.

This analysis was extended for all 100 structures generated
by NMR after structural refinement in water using CNS.*
Considering all the calculated structures, 89 structures sup-
ported the Asn5 N-cap effect for o-helix stabilization in
PaDBS1R7, including a varying number of hydrogen bonds with
Lys6, Pro7, Ile9 and LeulO (Fig. 3). The hydrogen bonding
summary, types of hydrogen bonds and “capping box” for
PaDBS1R?7 are also shown in Fig. 3, with a mean hydrogen bond
distance of 3.21 A (H-bond distance cut-off < 3.5 A). Bearing in
mind that hydrogen bonds with acceptor-donor distances from
2.2 to 2.5 A are considered “strong” and from 3.3 to 4.0 A are
considered “weak”, the average distance values obtained in the
present study can be categorized as “moderate”.

Additionally, we plotted the NMR temperature coefficient
data as a function of oH secondary shifts, revealing that the
structural scaffold adopted by PaDBS1R7 remains highly stable
from 285 to 310 K, also preserving the Asn5 N-cap effect through
hydrogen bonding with Lys6, Pro7, Ile9 and Leu10 (Fig. 2A). By
contrast, this structural behavior was not observed for
PaDBS1R2, which had its a-helix compromised from 300 to 310
K (Fig. S8At). PaDBS1R3 also presented higher oH chemical
shifts variations from 295 to 310 K, thus indicating lower
structural stability than PaDBS1R7 at varying temperatures
(Fig. S8Bft). Taken together, these experimental biophysics
results suggest that the NKP motif present in PADBS1R?7 triggers
an unusual coil/N-cap/a-helix (hybrid) structural scaffold.

Considering that not only asparagine but also threonine,
serine and glutamine represent polar uncharged residues with
varying levels of N-cap effects, we generated computational
PaDBS1R7 mutants, including N5T, N5S and N5Q. All mutants
were built from the lowest energy NMR structure obtained for
PaDBS1R7 and submitted to MD simulations under similar
NMR conditions. As seen in Fig. 2B, none of the mutants pre-
sented N-cap effects, supporting previous findings in which
asparagine was described as the best N-cap residue.’”**** This
was further confirmed by analyzing the hydrogen bond occu-
pancies for all PaDBS1R7 mutants, revealing that only the
parent peptide presents Asn5 side-chain atoms involved in
hydrogen bonding with Lys6 (56.4% occupancy) and Leul0
(15.1% occupancy) backbone atoms (Fig. S9A-Ft). A K6R
PaDBS1R7 mutant was also simulated, showing that Lys6
substitution by a larger positively charged side chain (arginine)
does not seem to compromise the Asn5 N-cap effects (Fig. 2B).
Nevertheless, it is worth noting that no significant hydrogen
bond occupancy was observed for Asn5 side-chain atoms
throughout the MD simulations for this mutant (Fig. S9ET).
Finally, another PaDBS1R7 mutant was generated to evaluate
whether adding two leucine residues at positions 5 and 6 would
result in the extension of the o-helical segment, as for
PaDBS1R3 in our NMR data. As observed in Fig. 2B, the N5L/
K6L mutant structurally behaved like PaDBS1R3, indicating
that the presence of a single proline itself may not always lead to
a-helix breakage or distortions, as usually reported. The MD
simulation analyses are summarized in Table S10,t including o-
helix content (%), RMSD and root mean square fluctuation

Chem. Sci,, 2022, 13, 9410-9424 | 9413
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to N-cap effect loss. A K6R mutant was also simulated, resulting in a conserved Asn5 N-cap effect. A PaDBS1R7 mutant containing LLP at
positions 5 to 7 resulted in a-helix extension, as for PaDBS1R3 NMR structures. The lowest energy NMR structures for PaDBS1R2 (C) and R3 (D)
were also submitted to specific modifications, generating NKP mutants with a-helix breakage and Asn5 N-cap effects that led to a similar coil/N-
cap/a-helix structural scaffold observed for the original PaDBS1R7 peptide (E). Yellow dashes represent hydrogen bonds.

(RMSF) for different peptide regions. Moreover, the hydrogen
bond angles distribution are summarized in Fig. S10A.1

We performed additional MD simulations to test our
hypothesis that inserting the NKP motif at positions 5 to 7 in
other a-helical 19-amino acid residues would trigger the same
hybrid coil/N-cap/a-helix structural scaffold characterized for
PaDBS1R7. We first generated PaDBS1R2 and R3 NKP mutants
(named PaDBS1R2-NKP and PaDBS1R3-NKP). The original
peptides were used as a control in all the simulations.
Compared to the parent PaADBS1R2 and R3 peptides (Fig. 2C and
D), the PaDBS1R2-NKP and PaDBS1R3-NKP mutants had lower

9414 | Chem. Sci., 2022, 13, 9410-9424

a-helical content (Fig. 2C and D) and higher overall RMSD and
RMSF (Table S107). In all cases, we observed that the NKP motif
contributed to an N-terminus flexible coil followed by a stable a-
helical segment, and that Asn5 displayed its N-cap effects,
characterizing the coil/N-cap/a-helix scaffold (Fig. 2C and D;
Table S11t). Moreover, the hydrogen bond occupancies for Asn5
from PaDBS1R2-NKP and PaDBS1R3-NKP were observed as
39.5% (Leu8-Asn5) and 76.9% (Arg8-Asn5), respectively
(Fig. S11B and Dt). A hydrogen bond occupancy of 13.3% was
also observed for side-chain/side-chain atoms from Arg8 and
Asn5, respectively, in PaDBS1R3-NKP (Fig S11D7). Main-chain/

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc06998e

Open Access Article. Published on 04 August 2022. Downloaded on 3/11/2026 3:17:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

Flexible coil

N-capping motif

Hydrogen bonding summary:
i, #1 (Lys6); i, +2 (Pro7); i, i+4 (1le9); j, +5 (Leu10)

Types of hydrogen bonds:
C=0 ""H-N

? Stable a-helical
segment
=" l

Mean H-bond distance = 3.21 A

N-H * 0=C
*
N-H™"H

calculated structures
presented the N-capping
motif (NKP)

‘ 89 out of the 100 NMR

—_—

“Capping box" in PaDBS1R7:

...N"(Ala3)-N'(Arg4)-N-cap(Asn5)-N1(Lys6)-N2(Pro7)
-N3(lle9)-N4(Leu10)...

n° hydrogen bonds involving Asn5 side chain atoms
2
1

100 NMR structures calculated for PaDBS1R7 after refinement in water using CNS

Fig. 3 Box plot analysis for the 100 NMR structures calculated for PaDBS1R7. A total of 89 structures out of the 100 calculated structures
presented N-cap effects triggered by Asn5 in contact (hydrogen bonds) with Lys6 or Pro7 or Ile9 or Leul0, with a mean hydrogen bond distance
of 3.21 A (H-bond distance cut-off = 3.5 A). The number of hydrogen bonds varied from 1 to 4 depending on the spatial orientation of the NMR
structure analyzed, with hydrogen bonding i, i + 1 (Lys6); i, i + 2 (Pro7);i,i + 4 (Ile9); i, i + 5 (Leul0). The ND2 and OD1 atoms from Asn5 side-chain
are donors and acceptors, respectively. The types of hydrogen bonds found are also shown. *Represents an unconventional N—H---N hydrogen
bond involving the ND2 atom from Asn5 and the proline backbone nitrogen. The “capping box” for PaDBS1R7 based on all 100 NMR structures
were also determined as follows: ...N"(Ala3)-N’(Arg4)-N-cap(Asn5)-N1(Lys6)-N2(Pro7)-N3(Ile9)-N4(LeulO)...

side-chain hydrogen bond occupancies were not observed for
the parent peptides (Fig. S11A and Cf¥).

For PaDBS1R2-NKP, we identified two hydrogen bonds
between Asn5 and Lys6 or Leu8, whereas for PaDBS1R3-NKP,
three hydrogen bonds were predicted and involved Asn5 and
Lys6 or Arg8 (Table S11f). The N-capping for these mutants
included hydrogen bonding i, i + 1, 7, i + 2 and i, { + 3, with an
average hydrogen bond distance of 3.5 A. Two types of hydrogen
bonds were identified, including C=0---H-N and N-H---N. The
latter represents a hydrogen bond established between the Asn5
ND2 (donor) atom and the Pro7 backbone nitrogen (acceptor).
Although unusual, this N-H---N has been well characterized for
peptides and proteins.”® It is also worth highlighting that this
N-H---N was also found in eight of our PADBS1R7 NMR struc-
tures. This finding reinforces the role of the Asn5 N-cap effects
even through unusual hydrogen bond patterns. Finally, we
performed a structural alignment between the lowest energy
NMR structure for PADBS1R7 and the NKP mutants simulated
for PaDBS1R2 and R3. As a result, all the peptides containing
the NKP motif adopted the coil/N-cap/a-helix structural scaffold
here identified for PaDBS1R7, with a 1.54 A RMSD for the
aligned structures (Fig. 2E).

Apart from the NMR structures reported for PADBS1R2, R3
and R7, previous studies from our group have also determined
the three-dimensional structures for the PaDBS1 analogs R1
(PDB: 2N9R)** and R6 (PDB: 6CFA).*” Therefore, we also gener-
ated computational NKP mutants for these additional PaDBS1
peptides (Fig. 4A). Moreover, aiming at extending our proof-of-
concept regarding the NKP motif, we searched for other a-
helical 19-amino acid residues AMPs with determined struc-
tures in APD to obtain NKP mutants outside the PaDBS1 peptide
family. Four peptides matched the parameters we set, including
HP (2-20)***° (PDB: 1P0G) and phylloseptins-1 to 3 (PDB: 2]JQ0,

© 2022 The Author(s). Published by the Royal Society of Chemistry

2JPY and 2JQ1, respectively).®® Because of high similarity in
their sequence and structure, only phylloseptin-1 (PDB: 2JQ0)
was selected for further analysis. We observed that the insertion
of the NKP motif within these peptides' structures resulted in
the coil/N-cap/a-helix scaffold in all cases (Fig. 4A and B). Three
hydrogen bonds characterized the Asn5 N-cap effect in
PaDBS1R1-NKP, PaDBS1R6-NKP and HP (2-20)-NKP mutants
(all featuring at least one N-H:--N hydrogen bond involving
Pro7, at 100 ns of MD simulations), whereas two hydrogen
bonds were predicted for phylloseptin-1-NKP (Table S117). The
hydrogen bonding followed the patternsi,i+1,#,i+2and ,i+3
for all NKP mutants simulated, with a hydrogen bond average
distance of 3.4 A. Additionally, all NKP mutants presented
reduced «-helical contents, and increased overall RMSD and
RMSF values compared to the parent peptides used as control
(Table S101). The hydrogen bond angles distribution are
summarized in Fig. S10C and D.T Moreover, the overlap of these
additional NKP peptide mutant structures reinforced that the
NKP motif contributes to a hybrid (flexible/stable) coil/N-cap/a-
helix scaffold (Fig. 4C). We also calculated the hydrogen bond
occupancies for all parent peptides and their computational
NKP mutants (Fig. 4D-G; S12A and C; S13A and Ct). PaDBS1R1-
NKP presented the lowest hydrogen bond occupancy for Asn5
(10.4%) (Fig. 4D), whereas PaDBS1R6-NKP and phylloseptin-1-
NKP revealed moderate occupancies, ranging from 24.2 to 36%
(Fig. 4E and G). Finally, the highest hydrogen bond occupancy
was reported for the HP (2-20)-NKP peptide (Leu8-Asn5; main-
chain/side-chain), with a 76.6% occupancy.

Different structural scaffolds effect on interaction with
mimetic vesicles

After investigating and characterizing the role of an NKP motif
and its N-cap effects for a-helix stabilization, we performed

Chem. Sci., 2022, 13, 9410-9424 | 9415
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Fig. 4 Additional MD simulations with four NKP peptide mutants. (A) Apart from the PaDBS1 peptides selected for the present work, our group
has already characterized two other peptides from the same generation, named PaDBS1R1 (PDB: 2N9R)?® and PaDBS1R6 (PDB: 6CFA).#” These
peptides have their solution NMR structures deposited in PDB and were used to generate computational peptide mutants containing the NKP
motif at positions 5 to 7. (B) In addition to the PaDBS1 peptide family, we also selected two other a-helical, 19-amino acid residues peptides (HP
(2-20)%# (PDB: 1POG) and phylloseptin-1 (PDB: 2JQ0)*°) with determined NMR structures deposited in PDB and built their NKP mutants. In all
cases, the NKP motif here identified in the PaDBS1R7 sequence triggered the same coil/N-cap/a-helix structural scaffold in the peptide mutants.
In (C), the structural alignment for all the NKP mutants is shown, revealing a conserved flexible N-terminus region, followed by three a-helical
turns stabilized by the N-cap effect of Asn5. The hydrogen bond occupancies throughout the MD simulations for PaDBS1R1-NKP (D),
PaDBS1R6—-NKP (E), HP (2—20)-NKP (F) and phylloseptin-1-NKP (G) are also shown. Red bars and black bars represent main-chain/side-chain or
side-chain/main-chain, and main-chain/main-chain hydrogen bonding, respectively. *Indicates Asn5 side-chain atoms involved in hydrogen
bonding.

additional CD experiments and leakage assays in the presence
of large unilamellar vesicles (LUVs) of different lipid composi-
tions and proportions. LUVs mimicking different biological
conditions were used (e.g., mammalian cells, bacterial cells, and
cancer cells), thus providing insights on the possible biological
activities for the different structural profiles described above,
with a focus on the coil/N-cap/a-helix scaffold. CD analyses

revealed that PaADBS1R7 preserved its lower a-helical content in
all conditions tested compared to PADBS1R2 and R3 (Fig. 5A-C).
CD 0 signals at 222 nm (local minimum for a-helices) were not
observed for the peptides in solution, in the presence of pure 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and in
contact with POPC/cholesterol (Chol) vesicles (70:30). By
contrast, in the presence of LUVs containing anionic lipids all
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Fig.5 CD spectra and leakage assays of PaDBS1R2, R3 and R7 in the presence of LUVs of different lipid compositions. Comparison of the CD 6
signal at 222 nm (local minimum for a-helices) for PaDBS1R2 (A), R3 (B) and R7 (C) at different lipid vesicle concentrations. Percentages of CF
release were calculated at different lipid proportions in the presence of increasing concentrations (0 to 10 pmol L) of PaDBS1R2 (D), R3 (E) and
R7 (F). Lipid vesicles used included pure POPC, POPC:Chol (70:30), POPC:POPG (70:30), POPE:POPG:CL (60:33:7), and POPE:POPG:CL:LPS
(80:16:1:3).
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the peptides presented a-helical signatures at 222 nm (Fig. 5A—-
C), especially for the POPC/1-palmitoyl-2-oleoyl-
phosphatidylglycerol (POPG) (70:30) system, which is consid-
ered a general anionic membrane model. As reported previ-
ously, PADBS1R7 was the least a-helical peptide (Fig. 5C).

Interestingly, despite presenting a less structured arrange-
ment, increasing PaDBS1R7 concentrations (Fig. 5F) caused
higher amounts of carboxyfluorescein (CF) release in all nega-
tively charged LUVs (from 39.8 to 72.2% leakage), followed by
PaDBS1R2 (Fig. 5D) and R3 (Fig. 5E). Zwitterionic LUVs con-
sisting of POPC enriched with cholesterol, mimicking
mammalian cells, had the lowest CF release when treated with
the tested peptides (Fig. 5D-F). Finally, when cardiolipin (CL)
and lipopolysaccharide (LPS; Gram-negative bacteria endo-
toxin) were added to negatively charged LUVs, only PaDBS1R7
triggered high CF release (Fig. 5F). LUVs containing CL and LPS
mixed with 1-palmitoyl-2-oleoyl-phosphatidylehtanolamine
(POPE) and POPG mimic inner membrane (IM) and outer
membrane (OM), respectively. Bearing this in mind and
considering the data shown in Fig. 5F, the PaDBS1R7 peptide
seems to bind with higher affinity and cause greater disruption
of IM than OM in mimetic bacterial membrane models.

In summary, we observed that the reduced a-helical content
in PaDBS1R7 compared with its other PaDBS1 peptide analogs
did not affect its ability to disrupt negatively charged LUVs
selectively. These data indicate possible biological activities
toward bacterial and cancer cells (negatively charged surfaces),
without compromising the viability of healthy mammalian cells
(zwitterionic surfaces). To investigate this hypothesis further,
all PaDBS1 peptides were tested in diverse biological assays to
establish a correlation between their different structural
profiles and their antibacterial, antibiofilm, hemolytic, cytotoxic
(healthy and cancer cells), anti-infective (in vivo), immuno-
modulatory and healing properties.

Peptide effect on bacterial growth, cellular surface integrity
and mammalian cells viability

PaDBS1R2, R3 and R7 were computationally designed®® aiming
at antibacterial activities. Therefore, we first evaluated the

Table 1 Antimicrobial properties (MIC) of PaDBS1R2, R3 and R7“
(umol LY

Bacterial strains PaDBS1R2 PaDBS1R3 PaDBS1R7
A. baumannii (003326263) 4 32 4
E. cloacae (1383251) >32 >32 >32
E. coli (ATCC 25922) 4 8 4
E. coli (KpC+001812446) 2 2 2
K. pneumoniae (ATCC 13883) 8 32 8
K. pneumoniae (KpC+001825971) >32 >32 >32
MRSA (713623) 16 >32 16
P. aeruginosa PA14 4 32 8
P. aeruginosa PAO1 4 32 8

S. aureus (ATCC 25923) 16 >32 16
S. aureus (ATCC 12600) 4 >32 16

“ MIC: minimal inhibitory concentration.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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activity of these peptides against Gram-positive and Gram-
negative bacteria. As shown in Table 1, all three peptides were
active against the bacterial strains tested, except for the Enter-
obacter cloacae clinical isolate and the carbapenemase-
producing Klebsiella pneumoniae (Table 1). PaDBS1R3 showed
the lowest antibacterial activity spectrum and inhibited only six
bacterial strains out of the 11 tested. The most promising
activities (lower MICs) were obtained for PaDBS1R2 and R7
from 2 to 8 umol L' against susceptible Escherichia coli, K.
pneumoniae and P. aeruginosa, as well as resistant Acinetobacter
baumannii, E. coli and P. aeruginosa (Table 1). Only PaDBS1R2
and R7 inhibited methicillin-resistant Staphylococcus aureus
(MRSA) growth at 16 umol L™ " (Table 1).

Among the bacterial strains tested in the MIC assay, E. coli
and P. aeruginosa represent model microorganisms with clinical
relevance for in-depth functional AMP studies. All peptides
tested were mainly active against E. coli, whereas PaDBS1R2 and
R7 displayed promising antibacterial effects against two P.
aeruginosa strains (Table 1). To develop a structure-function-
mechanism relationship, atomic force microscopy (AFM)
studies were carried out to evaluate the effects of the peptides
on E. coli and P. aeruginosa. The peptides were tested individ-
ually at their MIC and 10-fold higher values. We observed that E.
coli treated with the peptides at their MIC did not show
morphological damage (Fig. 6A), whereas PaDBS1R2 and R3
induced an increase in P. aeruginosa surface roughness
(Fig. 6B). Upon increasing the peptide concentration 10-fold, E.
coli cells were clearly disrupted by all the peptides, with a high
loss of surface integrity (Fig. 6A). When these 10-fold higher
concentrations were used to treat P. aeruginosa, both PaDBS1R2
and R3 preserved their evident surface disruption properties
(Fig. 6B). By contrast, P. aeruginosa treated with PaDBS1R7
presented partial surface destabilization (Fig. 6B).

Prior to in vivo analysis of the peptides’ anti-infective
potential, their toxicity towards healthy mammalian cells was
evaluated. No hemolytic effects were observed (Fig. 6C), thus
encouraging further studies in animal models. The peptides
were nontoxic toward human umbilical vein endothelial cells
(HUVEC) (Fig. 6D), murine macrophages (RAW 264.7) (Fig. 6E),
human fibroblasts (MRC-5) (Fig. 6F) and mice adipocytes (3T3-
L1) (Fig. 6G) cell lines at the maximum concentration tested
(100 pmol L™"). Finally, considering the amphipathic, a-helical
profile of the tested peptides, which is a known feature that
favors interactions with negatively charged membranes as
observed in our leakage studies, we also carried out cell viability
assays with three cancer cell lines. As a result, only PaDBS1R7
compromised the viability of all the cancer cells (Fig. 6H-])
tested at 50 pmol L™" (half maximal inhibitory concentration:
ICs0), thus attributing to this peptide an extra function, in
addition to its above-described antibacterial properties.

The exclusive antibiofilm potential of PaADBS1R7, in vivo assay
and cellular response modulation

Biologically active peptides with antibacterial properties have
commonly been evaluated for their effects on bacterial biofilms,
which represent more than 80% of all infections in humans. In

Chem. Sci., 2022, 13, 9410-9424 | 9417
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Fig.6 AFMimages of E. coliand P. aeruginosa cells untreated and treated with PaDBS1R2, R3 and R7, and hemolytic and cell viability assays using
human erythrocytes, healthy mammalian cell lines and cancer cell lines. E. coli cells (A) treated with PaDBS1R2, R3 and R7 at their MIC and 10-fold
MIC. The same conditions were used for P. aeruginosa cells (B) treated with PaDBS1R2, R3 and R7. The same controls (untreated E. coli and P.
aeruginosa) were used for all analyses. Total scanning area of 5 x 5 um?; scale bar: 1 um. The hemolytic activity of PaDBS1R2 (S1R2), R3 (S1R3) and
R7 (S1R7) was evaluated using fresh human erythrocytes (C). Triton 1% and the cytolytic peptide melittin (from 0.15 to 20 pmol L) were used as
positive controls. Cell viability assays were performed using healthy mammalian cells, including HUVEC (D), RAW 267.4 (E), MRC-5 (F) and 3T3-L1
cells (G); and cancer cells, including PC-3 (H), MCF-7 (I) and HT-29 cells (J). All cell lines were treated with PaDBS1R2, R3 and R7 from 1.56 to 100
pumol L1, Triton 0.1% was used as the positive control. *Indicate peptide concentrations at which half-maximal inhibitory concentrations (ICs)

were determined.

particular, P. aeruginosa biofilms have been studied for their
crucial role in cystic fibrosis, bacterial keratitis and cutaneous
infections.*>** The antibiofilm potential of PaDBS1R2, R3 and
R7 was evaluated against two-day-old P. aeruginosa biofilms in
flow chambers (Fig. 7A). All peptides were tested at 16 pmol L™,
as this was the common concentration at which they inhibited
P. aeruginosa PAO1 growth (Table 1). Compared to the untreated
control (Fig. 7B), we observed that PaDBS1R2 was not active
against biofilms, PaDBS1R3 caused a slight dispersion of
biofilm-constituting cells, whereas PaDBS1R7 completely erad-
icated P. aeruginosa biofilms (Fig. 7B).

9418 | Chem. Sci, 2022, 13, 9410-9424

Considering the antibacterial potential of PADBS1R2, R3 and
R7 and their lack of toxicity towards healthy mammalian cells
(Fig. 6C-G), in vivo experiments were carried out using a skin
abscess mouse model with P. aeruginosa (PA14), followed by the
measurement of recruited macrophage response triggered by
bacterial LPS. All tested peptides, at 64 umol L™, reduced the P.
aeruginosa count from 10 to 100-times on day two post-
infection, with a slight prevalence for PaDBS1R7 (Fig. 7C). At
day four post-infection, PADBS1R2 showed a decrease in its anti-
infective potential, whereas both PaDBS1R3 and R7 reduced P.
aeruginosa counts by 100 to >1000 times, highlighting the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Flow cell analysis of two-day-old P. aeruginosa biofilms, skin abscess mouse model with P. aeruginosa, nitric oxide (NO) and cytokines

production by macrophages in the presence of LPS, and LPS titration

using CD experiments. P. aeruginosa preformed biofilm (A) prior to

treatment (control) and after treatment with PaDBS1R2, R3, and R7, at 16 umoL~* (B). Scale bar: 20 um. The anti-infective potential of PaDBSI1R2,
R3 and R7 (64 pmol L™%; single dose) on 6 week-old female CD-1 mice, two and four days post-infection (C). LPS-induced macrophages NO
production in the absence and presence of PaDBS1R2, R3 and R7 at 64 pmol L™ (D). TNF-a and IL-1 modulation in the presence of PaDBS1R7 at
64 umol L™ (E). LPS titrations were performed recording the CD spectra of PaDBS1R7 in the presence of increasing concentrations of LPS, up to
a molar ratio LPS/PaDBS1R7 of 2:1 (F). Statistical significance was assessed using one-way analysis of variance (ANOVA), followed by Dunnett's
multiple comparison tests. **p < 0.05; ***p < 0.001 ****p < 0.0001. The error bars represent standard deviation values. ns: not significant.

higher efficiency of these two peptides under the conditions
tested.

Gram-negative bacteria, including P. aeruginosa, produce
and secrete LPS, a known endotoxin that induces cellular stress
in the host during an infective process.** Considering the role of
LPS in reactive oxygen species formation (e.g., nitric oxide (NO))
and cellular stress, we also evaluated the potential of PADBS1R2,
R3 and R7 in modulating macrophage responses to LPS
according to NO levels produced by these cells. As shown in
Fig. 7D, macrophages in the presence of LPS present high levels
of NO production. By contrast, macrophages in the presence of
LPS treated with PaDBS1R2 or R3 at 64 pumol L' revealed
a decrease in NO production (Fig. 7D). However, our most
promising result was observed by incubating macrophages in

© 2022 The Author(s). Published by the Royal Society of Chemistry

the presence of LPS with PaDBS1R7 (64 umol L '), which led to
a drastic reduction of NO production (Fig. 7D) and, conse-
quently, macrophage stress. These data are initial evidence that
our peptide containing the N-cap NKP motif and with a hybrid
structural scaffold is not only effective at directly compromising
bacterial cells viability in skin infections, but also contributes to
lower cellular stress in the host and, therefore, favors recovery
(Fig. 7A).

NO production is directly correlated with the up-/down-
regulation of proinflammatory cytokines that cause cell injury,
thus slowing down the healing process in the site of infection.
Here, apart from measuring NO production, we also evaluated
the expression levels of the proinflammatory cytokines TNF-
o and IL-1B. As shown in Fig. 7E, macrophages stimulated with
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LPS in the presence of PADBS1R7 present basal levels of TNF-a,
thus preventing an LPS-induced inflammatory response.
Nevertheless, significant IL-18 modulation by PaDBS1R7 was
not reported at the maximal concentration tested, which may
suggest that this peptide acts on a specific proinflammatory
signaling pathway in the cell (Fig. 7E). It is also worth high-
lighting that the PaDBS1R7 peptide analogs (PaDBS1R2 and
R3), which do not adopt the coil/N-cap/a-helix structural scaf-
fold, could not modulate the expression levels of any of the
cytokines tested (Fig. S14A and Bf).

Considering the effectiveness of PaDBS1R7 at modulating
macrophage response in the presence of LPS, we aimed at
characterizing the secondary structure of this peptide in the
presence of LPS micelles. LPS titrations were performed
recording the CD spectra of PaDBS1R7 in the presence of
increasing LPS concentrations, up to a molar ratio LPS/
PaDBS1R7 of 2:1. Random coil signatures were recorded from
0.1:1 to 1:1 LPS-to-peptide molar ratio (Fig. 7F). By contrast, an
a-helical signature was obtained at 2:1 LPS-to-peptide molar
ratio (Fig. 7F). To investigate this structural data further,
computational simulations were carried out. The simulations
included E. coli and P. aeruginosa lipid A modeling, followed by
molecular docking and MD simulations for PaADBS1R7/lipids A
systems. A total of 100 molecular docking simulations were
performed and the molecular complexes ranked according to
their binding affinities in kcal mol~". The affinities for the
complex PaDBS1R7/E. coli lipid A ranged from -7.3 to
—8.1 kcal mol™!, whereas lower affinities from —7.3 to
—7.6 keal mol™* were calculated for the complex PaDBS1R7/P.
aeruginosa lipid A (Fig. S15At). Moreover, the binding affinities
with higher frequency throughout the simulations were —7.8
and —7.5 keal mol ™" for PaDBS1R?7 in contact with E. coli and P.
aeruginosa lipids A, respectively (Fig. S15At). Based on this,
a representative molecular complex was selected for each of
those binding affinities and submitted to 500 ns of MD simu-
lations in aqueous solution (0.15 M NaCl ionic strength). Both
systems presented similar RMSD and RMSF profiles (Fig. S15B
and Cf). Moreover, 13 and 11 atomic interactions were pre-
dicted for the molecular complexes PaDBS1R7/E. coli lipid A and
PaDBS1R7/P. aeruginosa lipid A, respectively, including
hydrogen bonds (O-H 'O=C; C=O0"H-O; N-H 'O-C; C-
O~ "H-0), one electrostatic interaction (N'-H = [||||:0), and
hydrophobic interactions, with a mean bond distance of 3.5 A
for all interactions (Table S127). In terms of three-dimensional
arrangement, our simulations support the CD data (low CD 6
signals at 222 nm), revealing a small, central a-helical segment
(two turns) for PaDBS1R7 in both systems (Fig. S15D and Ef).

PaDBS1R?7 stimulates fibroblast migration

Up to this point, the PADBS1R7 peptide was characterized for its
unusual coil/N-cap/a-helix structural scaffold, which represents
a significant determinant that differentiates this peptide from
its two analogs, PaDBS1R2 and R3. Moreover, in terms of
functionality, PaDBS1R7 displayed antibacterial, antibiofilm
and anticancer properties, without having hemolytic activity or
toxicity toward healthy mammalian cells. This peptide is also
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effective at directly killing bacterial cells in cutaneous infections
and modulates macrophages' stress response to LPS by
reducing NO and TNF-a expression levels. Therefore, consid-
ering its multifunctionality compared to PADBS1R2 and R3, and
its effectiveness in the in vivo and immunomodulatory assays
(characterizing wound healing potential), PaDBS1R7 was
examined in fibroblast migration experiments.

The wound scratch assay consists of an initial evaluation of
a compound's potential in assisting the healing processes by
measuring fibroblast (MRC-5 cells) migration in microplates
(Fig. 8A).** Three experimental groups were established,
including a negative control consisting of MRC-5 cells in Dul-
becco’s Modified Eagle's Medium (DMEM) media not supple-
mented with fetal bovine serum (FBS), a positive control
consisting of MRC-5 cell in DMEM media supplemented with
FBS and pyruvate, and a group composed of MRC-5 cells treated
with PaDBS1R7 at 64 umol L™ (same concentration used in the
in vivo and immunomodulatory assays) (Fig. 8A). As shown in
Fig. 8B, PaDBS1R7 stimulated 68.18 + 2.01% MRC-5 cell
migration after 24 h incubation, whereas the negative and
positive control induced 26.7 £ 5.14% and 28.33 £ 4.96% MRC-
5 cell migration at the same incubation time, respectively. After
48 h of incubation, complete (100%) cell migration was
observed for MRC-5 cells treated with PaDBS1R7. The negative
control presented similar cell migration rates after 24 and 48 h
of incubation (25.93 + 3.87%), whereas the positive control
presented a 2-fold cell migration rate increase after 48 h of
incubation (59.26 + 14.58%) (Fig. 8B).

Inverted microscopy images were captured to calculate the
gap distance at times 0, 24 and 48 h for all the conditions tested.
As observed in Fig. 8C-E, MRC-5 cells treated with PaDBS1R7
reduced the gap distance at the scratch region from 573.90 um
to 341.40 pum within 24 h of incubation. After 48 h of incubation,
no gap was detected, indicating complete MRC-5 cells migra-
tion. These results are also expressed as 2.5D images in Fig. 8F-
H, demonstrating how MRC-5 cells migration and density
increase in the presence of PaDBS1R7. Inverted microscopy
images for the negative and positive controls are shown in
Fig. S16A-F and S17A-F,} respectively.

Discussion

Various amino acid motifs have been inserted into target
peptide sequences to optimize a given function or to extend the
spectrum of bioactivities. RWRW motifs have been used to
generate B-sheet peptides capable of interacting with bacterial
membranes through cation-r interactions.>® AMPs containing
tryptophan-proline motifs have been characterized as non-lytic
peptides capable of translocating through bacterial membranes
to act on protein synthesis, also triggering protein misfolding.**
Another well-described motif that confers potent and selective
antibacterial activities to AMPs is KLAK,*” which has also been
studied in its p-enantiomer form for improved proteolytic
resistance and extended anticancer properties.*® Previous works
from our group have used both amino-terminal Cu(u) and Ni(u)
(ATCUN) binding motifs (GGH and VIH),** and a hydrophobic
pentapeptide immunomodulatory motif (FLPII) to generate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Wound scratch assay using MCR-5 cells (human fibroblasts) incubated with PaDBS1R7 (64 pmol L™2) for 0, 24 and 48 h. The assay was
performed in 24-well microplates in which the fibroblasts were cultured until 90% confluence was reached (A). A comparison in cell migration
rates between the control groups and PaDBS1R7 treated group is shown (B). Inverted microscopy images were captured to measure the gap
distances in the scratches at 0 (C), 24 (D) and 48 h (E). 2.5D images were also obtained to visualize the gap distances and cell density at the
incubation times 0 (F), 24 (G) and 48 h (H). Statistical significance was assessed using one-way analysis of variance (ANOVA), followed by
Dunnett's multiple comparison tests. **p < 0.05; ***p < 0.001; ****p < 0.0001. The error bars represent standard deviation values. ns: not

significant.

catalytic metallodrugs and fine-tune the pharmacological
potential of wasp venom-derived peptides,'® respectively.
Hybrid peptide scaffolds have also been obtained using
a hairpin/p-turn motif to accommodate different o- and B-
amino acid residues and, therefore, modulate peptide folding
and stability.”

Among the amino acid motifs found in peptides and
proteins are those with capping effects at the N-terminus (N-
cap) or C-terminus (C-cap) for a-helix and PB-sheet stabiliza-
tion. The nomenclature for N-cap and C-cap effects in peptides
and proteins was first described by Richardson & Richardson in
the 1980s* and includes ...N”-N'-N-cap-N1-N2-N3-N4...,
where (...) represents amino acid residues outside the “capping
box” that goes from N” to N4, the N”-N'-N-cap region repre-
sents a non-helical segment, and the N1-N2-N3-N4 region
represents the a-helical segment stabilized by the N-cap. The
same has been proposed for C-cap, but in the reverse order
compared to N-cap (C-cap: ...C4-C3-C2-C1-C-cap-C'-C"...)."”

© 2022 The Author(s). Published by the Royal Society of Chemistry

Furthermore, hydrogen bonding 7, i + 1,7,i+2,i,i+3and i,i + 4
within the capping box is the most described in the literature."”

Based on the above considerations, in the present study we
identified and characterized a capping box featuring an unusual
sNKP, motif. The Pro7 triggers the extension of the Lys6 dihe-
dral angles, thus terminating the N-terminus a-helical segment
in PaDBS1R7 and resulting in a highly flexible and dynamic coil
from residues 1 to 6. In turn, this extension and amino-terminal
unfold favors the Asn5 N-cap effects, which forms a belt to
establish hydrogen bonds with Lys6, Pro7, Ile9 and Leulo.
Thus, the capping box for PaDBS1R7 can be described as:
...N"(Ala3)-N’(Arg4)-N-cap(Asn5)-N1(Lys6)-N2(Pro7)-N3(Ile9)-
N4(Leu10)...

N-cap motifs containing proline residues can stabilize o-
helical segments in peptides and proteins. Proline cannot
donate a proton to make a main-chain/main-chain hydrogen
bond. Therefore, residues preceding proline usually present
extended ¢ and ¢ dihedral angles, as observed in our study. In
a C-cap capping box, the proline residue is often found at

Chem. Sci, 2022, 13, 9410-9424 | 9421
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position C'. This has been described for Pro C-capping motifs."®
Moreover, a bridged-tricyclic diproline (Pro-Pro) N-cap motif
has been shown to stabilize linear a-helical peptides effi-
ciently.* Interestingly, different from what is observed in C-cap
capping boxes, our proline residue occupies the N2 position in
our N-cap capping box. This allows the Asn5 to exert its N-cap
effects on Pro7 in PaDBS1R7 through an unconventional N-
H "N hydrogen bond,” assisting o-helix stabilization. This
unusual N-cap NKP motif, in addition to this peptide's physi-
cochemical properties, resulted in the biophysical character-
ization of a novel, hybrid coil/N-cap/a-helix scaffold that, in our
study, presented multiple biological activities.

Although the study of N-cap amino acid motifs has led to
biochemical and biophysical advances, little is known about the
range of biological activities that these N-capped peptides may
display. Here, we showed that PaDBS1R7 exerts antibacterial,
antibiofilm and anticancer activities, reduces bacterial counts
in the site of skin infections and modulates LPS-induced
macrophages stress response, as well as fibroblasts migration
for wound healing. The interest in all these activities is further
strengthened by the absence of toxicity towards healthy
mammalian cells, suggesting PaDBS1R7 selectivity for anionic
cell membranes (e.g., bacteria and cancer cells). This multi-
functionality was exclusive for PADBS1R7, thus providing strong
evidence that the N-cap NKP motif is the main parameter
differentiating this peptide from its analogs (PaDBS1R2 and R3)
in terms of structural profile and of biological activities
spectrum.

Another critical point that must be considered is the influ-
ence of the different structural scaffolds here described in
peptide amphipathicity and, therefore, in the distribution of
hydrophilic and hydrophobic residues within the peptide's
structure. Although PaDBS1R?7 is the least a-helical, its hydro-
phobic moment in the a-helical section is significantly higher
(0.749) than the other two peptides studied (0.431 and 0.454),
which is attributed to the N-cap effects elicited by Asn5 and that
stabilizes the a-helical segment. Amphipathicity has been
commonly described as a crucial determinant of peptides’
multifunctionality.*>** For instance, optimal modulation of
amphipathicity and hydrophobicity allows improved antibac-
terial activities in short AMPs, also enhancing selectivity and
specificity for Gram-negative pathogens.* Moreover, studies
have reported a linear correlation between amphipathicity and
antibacterial activity, thus identifying intersection points for
selecting promising scaffolds for AMP rational design.*?

The higher amphipathicity of PaDBS1R7 associated with its
coil/N-cap/a-helix scaffold not only favored antibacterial
activity, but also extended the peptide's biological activities.
PaDBS1R7 was the only peptide tested capable of completely
eradicating two-day-old P. aeruginosa biofilms. Bacteria differ
significantly in metabolism and resistance profile between their
planktonic and biofilm modes of growth.**** Consequently, this
difference also affects how antibacterial and antibiofilm agents,
including AMPs, will exert their functions on these two different
biological scenarios.* Therefore, although the antibiofilm
mechanism of PaDBS1R? is still unknown, we hypothesize that
its higher amphipathicity and unusual structural scaffold are

9422 | Chem. Sci., 2022, 13, 9410-9424
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intrinsically involved in its ability to disperse and eradicate
biofilms.

The antibacterial effectiveness of the tested peptides was
also evaluated in a skin abscess mouse model, demonstrating
that both PaDBS1R3 and R7 have higher and more prolonged
activity than PaDBS1R2. Although PaDBS1R3 and R7 led to
similar bacterial count reduction in this animal infection
model, in vitro analysis with macrophages recruited from mice
revealed an additional function to PaADBS1R7. Macrophages in
the presence of LPS produce NO and proinflammatory cytokines
(e.g., TNF-o. and IL-1B).*” Some AMPs can regulate the cellular
response to this bacterial endotoxin (LPS).*” Here, at the same
concentration administrated as in the in vivo assay, PADBS1R7
also reduced macrophage NO production and TNF-o expression
levels, thus suggesting that it cannot only act directly on
bacterial growth, but also modulates cellular stress and, there-
fore, favors the host organism in fighting the infection. Inter-
estingly, all the peptides have similar CD signatures in contact
with POPE/POPG/CL/LPS vesicles. Nevertheless, only PADBS1R7
induced ~40% leakage in this condition, suggesting this
peptide's higher interaction with LPS.

Considering the biological conditions tested, PaDBS1R2 and
R3 were characterized as AMPs selective for planktonic bacteria.
By contrast, PaADBS1R7 was selective for anionic membranes
(enriched or not with LPS or CL), as this peptide acted both on
bacterial cells (in vitro and in vivo) and cancer cells (in vitro). It is
not unusual for AMPs to have anticancer properties.*>** Cancer
cells lose the membrane asymmetry typical of a healthy
mammalian cell plasma membrane (with anionic lipids
concentrated on its inner leaflet), exposing part of the anionic
phospholipids to its outer monolayer. The surface exposure of
these lipids favors the electrostatic binding of cationic peptides,
including AMPs, further inactivating or disrupting the cell.
However, in the present study, PADBS1R7 was the only peptide
to have anticancer properties against three cancer cell lines.
Therefore, we have strong evidence that this additional activity
is also correlated with the two main distinct determinants
associated with this peptide: the coil/N-cap/a-helix structural
scaffold and a significantly higher amphipathicity compared to
its analogs.

Conclusions

This study extends our understanding of the rules governing
AMPs with N-cap motifs. We highlight the importance of
considering a coil/N-cap/a-helix structural scaffold as a critical
parameter for improving a particular function (antibacterial)
and expanding the spectrum of biological activities for a given
AMP. In the peptides studied here, this unusual structural
scaffold is triggered by an N-cap NKP motif, which resulted in
a multifunctional AMP selective for anionic surfaces and
capable of exerting antibacterial, antibiofilm, anticancer and
anti-infective (skin infection) effects, also reducing LPS-induced
macrophage stress and recruiting fibroblasts to assist wound
healing. The biological multifunctionality associated with the
N-cap NKP motif makes PaDBS1R7 a highly attractive coil/N-
cap/a-helix scaffold for peptide-based drug design.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Data availability

All experimental data is available in the ESL.}
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