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ABSTRACT: Small synthetic mimics of cationic antimicrobial peptides
represent a promising class of compounds with leads in clinical development
for the treatment of persistent microbial infections. The activity and selectivity of
these compounds rely on a balance between hydrophobic and cationic
components, and here, we explore the activity of 19 linear cationic tripeptides
against five different pathogenic bacteria and fungi, including clinical isolates.
The compounds incorporated modified hydrophobic amino acids inspired by
motifs often found in bioactive marine secondary metabolites in combination
with different cationic residues to probe the possibility of generating active
compounds with improved safety profiles. Several of the compounds displayed
high activity (low #M concentrations), comparable with the positive controls
AMC-109, amoxicillin, and amphotericin B. A higher activity was observed
against the fungal strains, and a low in vitro off-target toxicity was observed

Marine-inspired antimicrobial peptide mimetic
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against erythrocytes and HeLa cells, thereby illustrating effective means for tuning the activity and selectivity of short antimicrobial

peptides.
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he alarming development of antimicrobial resistance

peptide database.’

Several of these, such as vancomycin,

(AMR) toward our traditionally employed antibiotics
represents an urgent and global challenge." The continued
excessive and incorrect use of antibiotics, and insufficient
progress in the anti-infective drug development space, causes
human suffering and the associated economic burden of
AMR.” Infections and complications associated with multi-
drug-resistant pathogens are expected to cause the deaths of
nearly 2.5 million people in Europe, Australia, and North
America over the next 30 years alone, with an estimated added
yearly cost as high as US$3.5 billion.” In light of this somber
scenario, it is clear that intensified efforts to find effective novel
antimicrobial solutions that can exert their activity without
easily inducing AMR remains a critical task.”~>

About half of the antibiotics in clinical use are derived from
or inspired by natural products.® Microorganisms, in particular,
are efficient producers of potent antimicrobial secondary
metabolites.” Such compounds provide the producing
organism with a chemical defense against intruders and
competitors. Higher organisms are also armed with an innate
chemical defense that enable a rapid response against intruding
pathogens before the onset of the adaptive immune system.” A
key component of the innate defense system is antimicrobial
peptides (AMPs), and more than 3000 different natural
antimicrobial peptides are reported in the antimicrobial
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gramicidin D, colistin, and daptomycin, have made it into
clinical use, thereby illustrating the increasing importance of
AMPs for targeting multidrug-resistant bacteria.” The currently
approved AMPs are all of microbial origin, but several late-
stage leads originating from higher mammalian sources are in
late-stage clinical development.” While these AMPs are diverse,
they often share common structural motifs, such as a net
positive charge (+2 to +11) and a pronounced amphiphilic
structure that enables interactions with the anionic bacterial
membrane, which is often the molecular target.10 These
interactions lead to membrane disruption via several
mechanisms, which are extensively discussed elsewhere.”'""*
In addition, numerous AMPs also display immunomodulatory
activities, which enables dual routes for bacterial destruc-
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tion.
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Figure 1. Short synthetic mimics of innate defense peptides in clinical development and structures of bioactive natural halogenated marine

secondary metabolites

Several innate mammalian AMPs are under clinical develop-
ment, but a common challenge is that they are all generally
poor drug leads because of their size and peptidic nature,
which leads to low metabolic stability, challenging pharmaco-
kinetics, and poor oral bioavailability.”'® The highly elaborate
amphiphilic secondary structures of several native AMPs lead
to high production costs, which contributes to the delayed
anticipated impact of this class of compounds.” Attempts to
generate more “druglike,” shorter AMP mimics have revealed
ample room for development permitting that the balance
between hydrophobicity and cationic charge is main-
tained.*'®"” Compounds as small as di- and tripeptidomi-
metics can be prepared by the incorporation of unnatural bulky
and cationic residues on different scaffold backbones, as
recently extensively reviewed.”'”'® These simplified synthetic
mimics of AMPs (SMAMPs) come with several benefits,
including improved metabohc stability," increased potential
for oral bioavailability,”® and lowered production costs.'® A
range of different backbones has been evaluated, and potent
compounds such as AMC-109 (linear tripeptide),'® CSA-13
and CSA-131 (cationic bile acid derivatives),”"”** and
brilacidin (arylamide SMAMP with a central pyrimidine)””**
are in clinical development by Amicoat AS (NO), N8 Medical
(USA), and Innovation Pharmaceuticals Inc. (USA), respec-
tively (Figure 1).

The success of these smaller mimics lies mainly in the ability
to balance and control amphiphilicity by incorporating
different hydrophobic and basic residues.'®*’ Going beyond
the natural hydrophobic building blocks enables the design of
much smaller active structures.”

In the marine environment, several small potent bioactive
secondary metabolites containing halogenated hydrophobic
amino acids have been reported,”® and antibacterial bromi-
nated marine alkaloids were recently effectively identified using
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a virtual screening method.”” Different brominated tyrosine
and tryptophan analogues are often encountered (Figure 1),”
and halogenation offers a way for nature to increase the
hydrophobic volume of these residues.”® Structure—activity
relationship (SAR) studies have linked much of activity of
these compounds to a minimum hydrophobic volume
provided by the halogens,””** in analogy to the SAR of
AMP mimics.’"*> Furthermore, it was recently illustrated in a
series of studies that inactive peptoids can be converted into
antibacterials by halogenation of key residues without also
generating increased hemolytic activity or in vitro cytotox-
icity.”> Halogenated residues have been incorporated to
generate effective antimicrobial barbiturate mimics of the
eusynstyelamide marine natural products (MNPs),>* and
potent cyclic peptide antifoulants have been prepared using a
brominated tyrosine motif.>> On the basis of these
observations, it is clear that halogenation can be used as a
versatile tool for tuning the activity of small antimicrobial
compounds.

Continuing to explore the beneficial effects of halogenation
on the activity and safety profiles of small AMPs mimics, the
current study investigates the effect of incorporating natural
marine-inspired halogenated hydrophobic amino acids. A
series of naturally inspired halogenated building blocks were
designed, prepared, and incorporated into a series of modified
linear cationic tripeptides (Figure 2).

The biological effects of the novel peptides were evaluated
against five human pathogenic bacteria and fungi (including
clinical isolates), as well as against human erythrocytes and
HelLa cells, to probe off-target toxicity.

The compounds were assembled to investigate the potential
of steering the bioactivity and cellular selectivity of a tripeptidic
cationic AMP lead by incorporation of modified halogenated
hydrophobic residues, as found in several marine natural

https://doi.org/10.1021/acsmedchemlett.3c00093
ACS Med. Chem. Lett. 2023, 14, 802—809
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Figure 2. Structure of the C-terminally capped tripeptide scaffold and hydrophobic and cationic residues used to generate the currently studied

library of compounds.
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Figure 3. Structures of modified unnatural amino acids and amine building blocks designed and prepared in the current study.

products. The employed short AMP scaffold has been

optimized by incorporating synthetic cationic and hydrophobic
residues, which provides high resilience against enzymatic

. 36-38
degradation;

the possibility for oral uptake; and an
activity superior to several commercially employed antimicro-

bial drugs, such as amorolfine and terbinafine ex vivo.* The

804

incorporation of different halogen atoms in drug leads is a
common strategy to tune and improve their bioactivities and
specificities and it has successfully been used in longer
peptoids.*
nature is generally enzymatically catalyzed by substrate-specific
halogenases or less specific haloperoxidases.”®

The halogenation of hydrophobic amino acids in

These enzymes

https://doi.org/10.1021/acsmedchemlett.3c00093
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Table 1. Composition and HPLC-Retention Times of the Prepared Peptides

peptide P; P, 12 P, M,, (g/mol) retention time (min)
1 Ph R Tbt” R 788.10 9.23
2 Ph R Ph R 580.74 7.61
3 Ph R S-BrwW R 698.67 7.98
4 Ph R R-BrW R 698.67 7.62
S Ph R diBrOMe R 768.56 8.11
6 Ph R OMeBip R 686.86 8.18
7 Ph R diBrOMeBip R 844.65 8.68
8 diBrOMe R diBrOMe R 956.37 8.56
9 BrOMe R BrOMe R 798.58 8.09
10 diBrOH R diBrOH R 928.32 7.77
11 diBrOMe R w R 807.59 8.18
12 diBrOMe R Brw R 886.49 8.43
13 Br-Ind R diBrOMe R 886.49 8.47
14 Ph R Bip KN(Me), 671.91 8.19
15 Ph R Bip CN(Me), 656.90 8.55
16 Ph KN(Me), Bip R 67191 820
17 Ph KN(Me), Bip KN(Me), 686.98 8.15
18 Ph R diBrOMe CN(Me), 768.62 8.45
19 diBrOMe K diBrOMe K 900.35 8.47
“Tri-tert-butyl tryptophan.
Fmoc-AA-OH,
NHz PyBOP, HOBt, DIPEA,
DMF, 2-12 h
AcON DN (159), “then TEATIPS 120 .
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Figure 4. General synthetic Fmoc protocol employed for library generation.

efficiently incorporate halogen atoms at phenolic and indolic
moieties that are challenging to mimic in the synthetic
laboratory. Basing our study on a highly active tripeptide
scaffold, the most feasible way to control the incorporation of
the halogenated moieties was via the design of a series of
Fmoc-protected halogenated building blocks, as shown in
Figure 3.

All the building block were prepared in high yields and
purities, and the methods developed offer ready access to a
range of useful building blocks for the preparation of modified
peptides. To probe the effect of stereochemistry on structure
and activity,”** both enantiomers of Br'W were prepared using
a stereoselective method and incorporated in peptides 3 and 4.
None of the designed halogenated building blocks presented
any synthetic challenges when incorporated into the peptides
and the tripeptide library (Table 1), which was assembled
according to the outlined procedure employing standard Fmoc
SPPS chemistry (Figure 4).

The bioactivity of the assembled peptides was assessed
against Escherichia coli and Staphylococcus aureus, the yeasts
Candida albicans and Candida utilis (clinical isolate, subcul-
tured from Auckland City Hospital), and filamentous fungus
Aspergillus fumigatus (clinical isolate subcultured from Auck-
land City Hospital) using Clinical and Laboratory Standards
Institute (CLSI) recommended protocols. Several of the
compounds displayed high bioactivities comparable with the
positive control peptide AMC-109 (1) and clinically employed
anti-infectives, such as amoxicillin, polymyxin B, and
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amphotericin B, as presented in Table 2. Compound 1 is a
highly potent linear AMP mimic derived from lactoferricin,
which is structurally closely related (Figure 1) to the developed
compounds and is in clinical development by Amicoat AS.
Antifungal activities superior to both terbinafine and
amorolfine®” have been reported for 1, and its development
has been recently reviewed.'

In comparison with the highly active 1, the majority of the
prepared compounds were generally inferior antibacterials,
with only compounds 7, 8, and 12 displaying strong
antibacterial activity comparable with amoxicillin. A higher
activity was observed against the Gram-positive S. aureus,
which is in accordance with the literature.'®
material availability, the compounds were only tested up to 64
#M, and it is likely that several of the compounds are active at
higher concentrations, although this is of less clinical relevance.
The active compounds contained combinations of diBrOMe-
Bip, diBrOMe, and BrW as central P; side chains and C-
terminal P, capping groups balanced by two cationic R side
chains as the P, and P, units. This combination provides the
active compounds with sufficient hydrophobicity for bioactivity
(retention time ranging from 8.43 to 8.68 min). This is in good
correlation with earlier studies indicating that an amphiphilic
solution structure™ and a threshold hydrophobicity is key for
antibacterial activity.”” Compound 19 displays a weak activity
linked to its two diBrOMe units that is still significantly lower
than the activity of 8, which incorporates two R instead of K,
thereby reducing the hydrogen bonding and membrane-

Because of

https://doi.org/10.1021/acsmedchemlett.3c00093
ACS Med. Chem. Lett. 2023, 14, 802—809
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Table 2. Antimicrobial Activity of the Prepared Peptides

peptide MIC (uM)
S. C. C. A.
E. coli” aureus”  albicans®  utilis?  fumigatus®
1 2—4 2—4 4 2 8
2 >64 >64 >64 >64 >64
3 >64 >64 16—32 8-16 >64
4 >64 >64 >64 16—-32 >64
S >64 >64 16 8 64
6 >64 32—64 2 2—4 >64
7 16 8 4 4 16—-32
8 8 4 4 4 16
9 >64 >64 32 4 >64
10 >64 >64 >64 64 64 to >64
11 >64 64 8—16 8 64
12 16 8 2—4 2—4 16
13 >64 >64 >64 >64 >64
14 >64 >64 >64 >64 >64
15 >64 >64 >64 >64 >64
16 >64 >64 >64 >64 >64
17 >64 >64 >64 64 >64
18 >64 >64 >64 >64 >64
19 >64 64 >64 32 >64
amoxicillin 16 4 f
polymyxin B 0.0625— >64
0.125
amphotericin B 1 2 4

AATCC 25922. YATCC 29213. °SC5314. “SVB-Y1. °SVB-F136./Not
tested.

interacting potential of 19.'**' This reduced ability for
hydrogen bonding is believed to be the main driver behind
the low antibacterial activity observed for compounds 14—
19.

The antifungal activity was more pronounced, with several
compounds displaying equivalent and better potency com-
pared with 1 and amphotericin B against the two yeasts C.
albicans and C. utilis. Compounds 6—8 and 12 were again the
most active ones with low ygM MICs. The diBrOMe units were
shown to be effective hydrophobic elements that confer a high
antifungal activity, while the more polar diBrOH units yielded
inactive compounds. This is an interesting observation because
these active leads are less polar than 1, which could lead to a
lower off-target cellular toxicity. As observed against the
bacteria, compounds 14—19, which display less basic cationic
side chains, were also typically inactive against tested yeast
strains. The ability to form stable amphiphilic solution
structures is key for these types of short antimicrobials.” On
the basis of the observed retention times, nothing suggests that
the novel building blocks prevent this with a good linear
relationship between retention time and the theoretical
solvent-excluded volume (R* = 0.83, calculated using
ChemBioOffice), thereby indicating no major barriers for the
formation of bioactive structures, which often leads to
significantly lower retention times.””*" To further probe the
importance of solution structure, compound 4 was prepared by
incorporation of p-BrW as the hydrophobic P; substituent.
Compound 4 was much less active than the all-L isomer 3, and
this was also reflected in the shorter retention time of 4, which
supports that the mixed stereochemistry often reduces the
bioactivity by preventing the formation of the bioactive
solution conformers.”> A similar trend in antifungal bioactivity
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was observed against filamentous fungus A. fumigatus. The
clinical Aspergillus isolate is a robust pathogen (Table 2), and
the recorded antifungal MICs were approximately 4 times
higher in comparison with the yeast. Compounds 7, 8, and 12
were once again the most active leads, thereby supporting
earlier observations of high antifungal potential.”” The activity
of most highly active membrane-active compounds are in the
low micromolar range, and the observed bioactivities thus
indicate that the leads from the current study are potent
antimicrobials.* The mode of action of the compounds was not
studied, but it is expected, on the basis of structural similarity
and observed trends in bioactivity, that they are membrane
active compounds.®'***

A common challenge for cationic AMPs and their related
smaller mimics is the therapeutic window.*** The balance
between charge and hydrophobicity dictates the microbial
bioactivity, but the hydrophobic component is also the major
molecular driver behind off-target toxicity.* As such, one of
the hypotheses of the current study was to examine if the
marine-inspired hydrophobic units could confer a high
bioactivity with a lower toxicity. To investigate the toxicity, a
selection of compounds was first screened against human
erythrocytes using established protocols.* Erythrocytes are
often used to assess toxicity of AMPs. However, the range of
different assay conditions and cell types used makes
comparison of absolute hemolysis values between studies
difficult,” and optimized and standardized methods are
needed for in vitro determination of hemolytic properties.*
Our employed method assessed the hemolysis (%) of the
compounds at 100 uM, and the results are presented in Table
3.

Table 3. Hemolytic Activity of Selected Prepared
Compounds

peptide hemolytic activity (%) standard deviation

1 423 0.12
2 0.33 0.03
3 0.29 0.02
4 0.27 0.00
S 0.34 0.02
6 0.40 0.03
7 1.38 0.48
8 1.62 0.04
9 0.29 0.01
11 0.35 0.01
12 1.19 0.16
1% DMSO 0 0.02
1% Triton 100 10

The hemolysis results indicate a low hemolytic activity for all
the prepared compounds compared with 1 at 100 M.
Although not directly comparable, 1 has previously been
reported with an ECy, of 222 yM against human erythrocytes,
which implies significant therapeutic indexes for the prepared
compounds.” Nonoptimized hemolysis experiments using
isolated and washed erythrocytes for initial toxicity assessment
can both under- and overestimate systemic toxicity, and the
values should only be seen as a relative comparison between
the currently evaluated compounds.”” To obtain a more
accurate assessment of cellular toxicity, a selection of
compounds with ranging bioactivity and hemolytic activity
was also evaluated against human epithelial cells (HeLa cells)*°

https://doi.org/10.1021/acsmedchemlett.3c00093
ACS Med. Chem. Lett. 2023, 14, 802—809
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Figure 5. Cytotoxicity dose—response curves for compounds (A) 1, (B) 3, (C) 6, (D) 7, (E) 8 and (F) 12. HeLa cells were treated with serial
dilutions of peptides (1.4—87.5 M), and cell viability was measured by PrestoBlue assays after 24 h incubation at 37 °C. An ICy, value of 46.6 uM
was determined for 1 (A), while all remaining compounds (B—G) had ICs, values above 87.5 M. Data is shown as mean #+ SD of two

independent experiments, each performed in triplicate.

up to 87.5 uM, as shown in Figure S. The results from the
HeLa cytotoxicity experiment indicate a high cellular tolerance
for all the prepared compounds in the given concentration
range. ICyy values could only be obtained for the positive
control 1, which illustrates the large differences in toxicity. In
fact, only compound 8 displayed a reduced viability at the
highest concentration, while highly active 7 and 12 did not
induce a reduction in cell viability over 24 h, thereby
illustrating a higher tolerance in comparison with 1.

Taken together, both the hemolysis and cytotoxicity
evaluations indicate that the compounds with halogenated
hydrophobic residues are much less toxic than the positive
control AMC-109. This is likely linked to the reduced
hydrophobicity of the P, and P; side chains.

In the current study, we have prepared a series of 19
amphiphilic tripeptides and evaluated their antimicrobial
activity against five different strains of bacteria and fungi,
including clinical isolates. The compounds were designed to
incorporate unnatural halogenated residues inspired by
bioactive marine secondary metabolites with the aim of

conferring high antimicrobial activity but with a lower off-
target toxicity. The prepared compounds were highly active
against tested fungi, and the most active compounds showed
promising antibacterial activities compared with amphotericin
B and amoxicillin. The higher activity against the fungal strains
suggests subtle differences in the structural requirements for
these compounds against the different types of microbes.
Significantly lower toxicity against both human erythrocytes
and human HeLa cells were observed in comparison with the
related clinical AMP lead AMC-109 (1) with a maintained
high bioactivity. Our study provides insight for improving the
therapeutic window of this promising class of compounds,
which may find additional uses for peptide drug development.
The incorporation of the developed marine-inspired halo-
genated building blocks may also impact the metabolic half-life
and protein binding in a beneficial way, which warrants further

investigation.
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