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Abstract

Antibiotic resistance is one of the biggest public concerns in the 215t century. Host-defense
peptides (HDPs) can potentially mitigate the problem through bacterial membrane disruption;
however, they suffer from moderate activity and low stability. We recently developed a new class
of peptidomimetics termed “AApeptides”. This class of peptidomimetics can mimic the
mechanism of action of HDPs, and effectively arrest the growth of multidrug resistant Gram-
positive and Gram-negative bacteria. As they are built on unnatural backbone, they are resistant to
proteolytic degradation. In this review, we summarize the development of this class of
antimicrobial peptidomimetics, and discuss the future perspective on how they can move forward
on combating antibiotic resistance.
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INTRODUCTION

Although conventional antibiotics are widely used in clinical applications to treat bacterial
infections, antibiotic resistance due to the over use of antibiotics is a major threat to human
health [1-3]. Severe infections, caused by multi-drug resistant bacterial strains such as
vancomycin-resistant enterococci (VRE), methicillin—resistant staphylococcus aureus
(MRSA), and methicillin — resistant staphylococcus epidermidis (MRSE), occur more
frequently, as most conventional antibiotics are not active towards these strains [4—6]. Thus,
it is of considerable significance to develop the new generation of antibiotics combating
drug resistance. Host-defense peptides (HDPs), frequently referred as antimicrobial peptides
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(AMPs), are natural cationic amphiphilic peptides found in virtually all life forms [2-3], and
act as the first line of defense to prevent organisms from microbial infection [2-3, 7].
Although there is long-standing dispute over bactericidal mechanisms of HDPs [4], it is
widely recognized that HDPs could adopt globally amphipathic structures when associating
with bacterial membranes, in which their cationic and hydrophobic side chains form two
separate domains (Fig. 1). The cationic patch is believed to be at least partially responsible
for the selectivity of HDPs, as it interacts with negatively charged components in bacterial
envelope, such as teichoic acids and lipo teichoic acids present on the surface of Gram-
positive bacteria and lipopolysaccharides in outer membranes of Gram-negative bacteria [8].

As contrary, the surface of eukaryotic cell membranes is composed of zwitterionic
phospholipids including phosphatidylcholine, cholesterol, and sphingomyelin [9], and
therefore they only interact with cationic HDPs weakly. This is why HDPs have good
selectivity for bacteria. After initial electrostatic interaction with bacterial membranes, the
hydrophobic side chains in HDPs insert into membranes through hydrophobic interactions
with the fatty acyl tails of membrane phospholipids. This interaction causes the bacterial
membrane depolarization and subsequent cell death [4]. As such, unlike most of
conventional antibiotics which are bacteriostatic, HDPs are generally bactericidal. Since
HDPs lack well-defined membrane targets, HDPs could be diverse in sequences and folding
structures. Indeed, a-helices, B-sheets, and other conformations of peptides all have been
found to exhibit antibacterial activity [3]. To summarize, antimicrobial activity of HDPs
relies on the biophysical interaction with bacterial cell membranes, which lacks defined
biomolecular targets. Although resistance development is inevitable toward any therapeutic
agents, HDPs may have relatively low tendency to induce antibiotic resistance than
conventional antibiotics [4].

Despite considerable enthusiasm, it remains a challenge to develop HDPs as antibiatics. For
instance, their intrinsic susceptibility to proteolytic degradation is one of the concerns. In
addition, their antimicrobial activity is normally moderate; however, optimization is not
straightforward [2]. To circumvent these drawbacks, non-natural peptidomimetics were
employed recently as an alternative approach to mimic the structure and function of HDPs,
in the hope to achieve similar antimicrobial activities while enhancing their stability. The
examples of antimicrobial peptidomimetics include B-peptides [10-12], peptoids [9, 13-14],
arylamide oligomers [4, 15-16], p-turn mimetics [17-18], and others [19]. Extensive
reviews involving these antimicrobial agents have been summarized by many groups [2-3,
5]. The research findings on these antimicrobial peptidomimetics reveal that antimicrobial
activity is not tightly related to pre-organized secondary structures HDPs and
peptidomimetics [20-24]. It seems that the potent antimicrobial activity and good selectivity
may actually require certain flexible, or even random coiled backbones, where side groups
are capable of segregating into globally amphipathic patches upon interaction with bacterial
membranes. Recently, our group has designed a new class of peptidomimetics “AApeptides”
[26-27]. In the following content, we will summarize the recent development of
“AApeptides” as a new class of antimicrobial agents by mimicking the global structure,
function and mechanism of HDPs.
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DESIGN AND SYNTHESIS OF AAPEPTIDES

AApeptides have emerged as a new class of peptidomimetics [26-27]. (Fig. 2). They are
termed “AApeptides”, [26-27] because they are oligomers of N-Acylated-N-Aminoethyl
amino acid (Fig. 2) derived from chiral peptide nucleic acid (PNA) backbones [28-30].
AApeptides can be sub-classified into a-AApeptides and y-AApeptides based on the
different positions of the side chains. In the repeating unit of AApeptides, the chiral side
chain is connected to either the a-C or y-C with respect to the carbonyl group, whereas the
other side chain is introduced to the central N through acylation. As each building block in
AApeptides is comparable a dipeptide residue in length, AApeptides contain the same
number of functional groups compared with conventional peptides of the same lengths.
Additionally, as half of the side chains in AApeptides are introduced through acylation by
carboxylic acids or acyl chlorides, there is limitless potential for chemodiversity of
AApeptides.

AApeptides have already shown great promise in many biological applications. Akin to
other classes of peptidomimetics, AApeptides are highly resistant to enzymatic degradation
[26-27, 31]. In addition, they also exhibit potential anti-cancer activity by modulating p53/
MDMZ2 interactions [26—27], and have been developed as valuable tracer for targeted
imaging /n vivo [31]. Meanwhile, they can also mimic the Tat peptide and tightly bind to
HIV-1 RNA [32], and act as cargo-carrier to cross mammalian cellular membrane [33-34]. It
is important to note that certain AApeptides could also form unique nanostructures including
nanoparticles and nanorods, suggesting their further application in the field of biomaterial
science [35]. Recently, AApeptides have also been developed to exhibit broad-spectrum
antimicrobial activity [20-22, 35-37, 55-60].

Initially, AApeptides were synthesized by the building block strategy as shown in Fig. (3).
Fmoc protected AApeptide building blocks were initially prepared, and then assembled on
solid support to afford desired AApeptide sequences [26-27, 31-34]. However, this
approach is not straightforward when extensively diversified sequences are needed.
Recently, we developed a new method termed submonomeric approach for the preparation
of y-AApeptides (Fig. 4) [36]. This new approach does not require the preparation of
building blocks containing two pre-determined side chains, and thus different functional
groups can be easily introduced to y-AApeptide sequences. However, the synthesis on the
solid phase is tedious. Our latest strategy for the preparation of -y-AApeptides is the
combination of these two types of approaches, in which alloc protected y-AApeptide
building block are prepared and used to synthesize various y-AApeptides much more
conveniently (Fig. 5) [61]. The similar strategy is anticipated to also apply to the synthesis of
different a-AApeptides.

Design of Antimicrobial AApeptides

Due to the limited conformational backbone flexibility [20, 22], high stability [26-27, 31]
and unlimited derivatizing potential [26-27], we envisioned that AApeptides may be the
privileged molecular framework for designing novel antimicrobial agents that mimic
structure, function and mechanism of HDPs. Compared to canonical peptides, AApeptides
have more dihedral angles, leading to increased rotational freedom. As such, we initially
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hypothesized that antimicrobial AApeptides could be designed as homo-oligomers of
amphipathic AApeptide building blocks. AApeptides containing amphiphilic building
blocks are expected to adopt globally amphipathic structures upon association with bacterial
membranes (Fig. 6). Fine tuning of these antimicrobial activity and selectivity is readily
achieved by varying the ratio and nature of the hydrophobic and cationic groups. Based on
this hypothesis, a series of antimicrobial a.-AApeptides and y-AApeptides were designed to
mimic HDPs.

ANTIMICROBIAL a-AAPEPTIDES

Linear Antimicrobial a-AApeptides

We initially started with the design of linear a-AApeptide sequences. A focused library
including a1 and a2 was made (Fig. 7) [22]. These linear sequences were believed to mimic
natural linear HDPs, and they were designed with the conception that, although globally
amphipathic structures are critical for activity, well-defined secondary structures should not
impact the potency of antimicrobial agents [19, 24-25]. As expected, although sequences
consisting of 1-4 building blocks were not active [22], the sequence a1, containing five
amphiphilic building blocks, was active against Bacillus subtilis and Staphylococcus
epidermidis (Fig. 7 and Table 1), consistent to our hypothesis shown in Fig. (6). Inspired by
these results, we next studied the activity of the longer sequence containing seven
amphiphilic building blocks. To our delight, the more potent antimicrobial AApeptide a.2
was identified to show good activity toward both Gram-positive and Gram-negative strains
[22]. Mechanistic studies were conducted for a2 subsequently. Fluorescence microscopy
and SEM micrographs analysis suggested a.2 probably eradicate bacteria by disrupting
bacterial membranes [22]. In addition, both a1 and a2 exhibited excellent activity toward
bacteria because none of them has any hemolytic activity up to 250 pg/mL. Intriguingly, the
regular peptide c1, which is composed of alternating Phe and Lys residues, only showed
very weak antibacterial activity at the tested concentrations, echoing the necessity for the
presence of global amphipathic structure. It suggests that the unique linear AApeptide
backbone leads to a stronger capability to disrupt bacterial membranes than conventional
peptides. In addition, the results indicate that the number of cationic and hydrophobic groups
greatly affects antimicrobial activity, even though the global amphipathicity can be achieved
in sequences. In summary, these early results proved that the straightforward design and
modular programmability for the development of antimicrobial a-AApeptides.

LIPO ANTIMICROBIAL a-AAPEPTIDES

We next made our efforts in the development of lipo a-AApeptides, in order to study the
impact of lipid tails on the activity of a-AApeptides [37]. It is widely known that the
lipopeptide antibiotics are heavily dependent on their lipid tails for antibacterial activity,
those lipid tails are responsible for penetration and disruption of bacterial membranes. [38]
Hence, even with smaller number of cationic and hydrophobic groups, lipidated sequences
might be even more active in bacteria killing than non-lipidated linear sequences [39].
Notably, although naturally occurring [40-42] lipopeptides are frequently used as antibiotic
agents, their antimicrobial mechanisms are not same as HDPs. This is because natural
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lipopeptides are generated during metabolic processes in microbes [38, 43]. Their charges
could cationic [44], neutral [45], or even anionic. It is also why many natural lipo-antibiotics
do not exhibit broad-spectrum activity.

As overall structures of lipo a-AApeptides are still cationic and globally amphipathic, we
hypothesized that they should also mimic the antimicrobial mechanism of HDPs. Therefore,
they are expected to exert bactericidal activity by disrupting membranes of both Gram-
positive and Gram-negative bacteria. Indeed, alkylation improved the hydrophaobicity of
positively charged sequences and reinforced the interaction with cytoplasmic membranes,
and thereby greatly enhanced the antibacterial activity of a-AApeptides. For instance, a3
[37], containing just two amphiphilic building blocks, has excellent activity toward Gram-
positive bacteria (Table 1 and Fig. 7). Fine tuning by including one amphiphilic building
block and two hydrophobic building blocks led to the identification of lipo-a-AApeptide a4
that was active against all tested strains [37]. Fluorescence microscopy indicates that similar
to HDPs, lipo-a-AApeptides could also kill bacteria by acting on bacterial membranes [37].

CYCLIC ANTIMICROBIAL a-AAPEPTIDES

We conceived to further modify a-AApeptides by introducing both cyclization and
lipidation. These newly developed lipocyclic a-AApeptides demonstrated important
improvements in antimicrobial activity against both Gram-positive and Gram-negative
bacteria [46]. The design was straightforward. Amphipathic a-AApeptide building blocks
were used to form cyclic a-AApeptides of different sizes. Lipid tails were attached to cyclic
rings [46]. Interestingly, Lipocyclic a-AApeptides contain three amphiphilic building blocks
and a C6 lipid tail did not inhibit bacterial growth. However, the sequence comprised of the
same ring structure, a C12 lipid tail displayed activity against Gram-positive bacteria.
Inclusion of the lipid tail C16 led to the identification of a5 (Table 1 and Fig. 7), which
showed excellent activity toward a range of bacteria. The reason why sequences with shorter
tails show less potent activity may be due to incapability of short lipid tails to penetrate
bacterial membranes. Since Gram-negative bacteria have both outer and inner membranes,
these sequences were even less active. It should be noted that the large ring size does not
always ensure more potent antimicrobial activity. In fact, a5 has a relatively smaller ring
size yet exhibited the most potent and broad-spectrum activity, particularly toward Gram-
positive bacteria. We anticipated that a5 may have the optimal ring size. Indeed, it is known
that many natural cyclic antimicrobial peptides have rings of six to eight amino acid residues
[44]. Again, the subsequent fluorescence microscopic studies suggest lipocyclic a-
AApeptides could compromise the membranes of bacteria, akin to HDPs. Compared to the
linear a-AApeptide and pexiganan, the HDP derivatives, this new class of lipocyclic a-
AApeptides eradicates bacteria with enhanced potency and broader-spectrum activity.
Additionally, it should be mentioned that the lead lipocyclic a-AApeptide has been shown to
mimic HDPs to modulate immune response. This was observed by their ability to antagonize
TLR4-induced nuclear factor kappalight-chain-enhancer of activated B cells (NF-xB), and
to inhibit production of TNF-a [47-48]. It is interesting that linear analogues did not show
effective anti-inflammatory activity, which suggests that both lipidation and cyclization are
of importance for antimicrobial and immunomodulatory activity [46].

Curr Top Med Chem. Author manuscript; available in PMC 2017 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sang et al. Page 6

ANTIMICROBIAL y-AAPEPTIDES

Linear Antimicrobial y-AApeptides

The exploration of antimicrobial a-AApeptides shed light on the design of antimicrobial -
AApeptides, since they have similar molecular frameworks. In our early effort, we designed
and synthesized a series of linear y-AApeptide sequences based on the design principle for
antimicrobial a-AApeptides, and tested their activity toward a panel of Gram-negative and

Gram-positive bacteria (Table 2 and Fig. 8) [20].

As predicted, the y-AApeptide y1 (Table 2 and Fig. 8) which is comprised of seven
amphiphilic building blocks exhibited good activity against Gram-positive bacteria. Similar
to a-AApeptides, y-AApeptides containing less amphiphilic building blocks showed much
weaker activity [20], suggesting that the numbers of cationic and hydrophobic groups are all
important for effective disruption of bacterial membranes [20]. It was also noted that when
the overall hydrophobicity increases, the antimicrobial activity of -y-AApeptides could also
be improved; however, it may also increase hemolytic activity and cytotoxicity. Intriguingly,
the hemolytic activity and cytotoxicity could be mitigated if more cationic charges are
introduced. Therefore, it is envisioned that more potent and selective antimicrobial -y-
AApeptides could be identified through fine tuning. Indeed, substitution of two amphiphilic
building blocks in -y1 with two hydrophobic building blocks led to discovery of more potent
antimicrobial y-AApeptide -y2 [21]. Although -y2 was still not active toward £, aeruginosa, it
effectively killed both Gram-positive and other Gram-negative strains, including multidrug
resistant pathogens. It should be mentioned that it even inhibited the growth of the USA100
lineage MRSA strain. It is significant as this strain has acquired resistance to most
conventional antibiotics. Moreover, -y2 could also arrest the growth of B. anthracis, which is
the notorious strain for causing lethal condition, anthrax. These results suggest that
antimicrobial y-AApeptides could be developed for bio-defense in the future. Furthermore,
v1 and y2 only exhibit limited toxicity, as their HCsq’s are all more than 300 pg/mL. It is
reasonable as mammalian cell membranes are zwitterionic, whereas bacterial membrane
surface is embedded with negative charges that favor for electrostatic interactions with -y-
AApeptides. Mechanistic studies such as fluorescence microscopy and drug resistance
studies all suggested that -y2 may mimic mechanism of action of HDPs and Kill bacterial
pathogens by disrupting bacterial membranes [20].

Lipo Antimicrobial y-AApeptides
Similarly to that of lipo a-AApeptides, we hypothesized that lipo y-AApeptides could also
be employed for antimicrobial development. As they were designed to mimic HDPs, they
were expected to display broad-spectrum activity. Indeed, the best leads, y3 and y4, were
identified (Table 2 and Fig. 8) [21]. Interestingly, y4, the sequence with more potent and
broader-spectrum activity than -y3 toward all bacterial strains, was less hemolytic. We
reasoned such a favorable selection for bacteria may be due to the higher sensitivity of
bacterial membranes to unsaturated alkyl tails in comparison to mammalian cells. The
finding is significant as it may inspire the future development of antibiotic agents with lipid
tails in the future. One in particular is that these lipo y-AApeptides were more potent
antimicrobial agents than the linear sequence y2 [20], particularly towards the Gram-
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negative bacterium P, aeruginosa, and fungus C. albicans, even though they contain shorter
lengths of -y-AApeptide fragments, further demonstrating the importance of lipidation.
Subsequent fluorescence microscopy, membrane depolarization, as well as drug resistance
studies are all in consistency with our hypothesis that lipo -y-AApeptides could compromise
bacterial membranes, and mimic the mechanism of action of HDPs, and do not induce
resistance in bacteria readily [21].

Cyclic Antimicrobial y-AApeptides

We further extended our exploration to cyclic y-AApeptides that mimic the structure and
function of HDPs [49]. Cyclic peptide antibiotics such as gramicidin S, pro-tegrin I,
tyrocidine, and polymyxin B are widely found in nature. The backbones of these cyclic
peptides are more rigid than linear peptides, allowing substituents to be positioned with
reduced rotational freedom [18]. It is envisioned that amphipathic cyclic peptides may
possess more potent antimicrobial activity than linear peptides, as their structures are
conformationally constrained. We therefore expected that cyclic antimicrobial y-AApeptides
could be designed based on the rational for the design of linear y-AApeptides. We
anticipated that the cyclization of amphiphilic building blocks would lead to the formation
of globally amphipathic conformations which favors the interaction with bacterial
membranes. Inclusion of extra hydrophobic building blocks was expected to enhance the
antimicrobial activity. [20] This is seen for 5 in Fig. 8 and Table 2 [49].

Lipo-Cyclic Antimicrobial y-AApeptides

Based on our previous findings, cyclization could reduce conformational freedom and
enhance interaction with bacterial membranes [49]. Lipidation could confer antimicrobial
agent with ability to penetrate bacterial membranes. Indeed, natural lipocyclic peptides
daptomycin and colistin are currently used as the “last-resort” antibiotics to treat bacterial
infections. However, the effort devoted to the development of unnatural antimicrobial
lipocyclic peptidomimetics is rare. Thus, we envisioned that -y-AApeptides with both
cyclization and lipidation could have synergistic effect on killing bacterial pathogens. To test
our hypothesis, a focused library of lipocyclic -y-AApeptides were designed. As expected,
compared with cyclic y-AApeptides without lipid tails, these lipocyclic -y-AApeptides (such
as y6) (Table 2 and Fig. 8) exhibited particularly more potent activity toward Gram-negative
bacteria. Intriguingly, they blocked lipopolysaccharide (LPS) activated Toll-like receptor 4
(TLR4) signaling, which suggests that lipocyclic y-AApeptides could modulate immune
response and also directly Kill bacterial pathogens. Moreover, our recent findings suggest
that these lipocyclic y-AApeptides could inhibit the formation of biofilm more effectively
than conventional antibiotics, possibly because their lipid tails could penetrate and inhibit
the growth of biofilms. Fluorescent microscopic studies again suggested that -y6 could arrest
the growth of bacteria through the disruption of membranes of bacteria [49].

HELICAL ANTIMICROBIAL y-AAPEPTIDES

As we recently discovered that sulfono-y-AApeptides could form helical structure in
solution, we next explored the ability of sulfono-y-AApeptides to mimic the helical HDP
magainin 2, in order to identify new antibiotics with novel mechanisms, so as to combat
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antibiotic resistance [50]. To date only a few classes of peptidomimetics have been
investigated to mimic the helical folding and antibacterial activity of magainin 2, such as p-
peptides [10, 51-52], peptoids [53], and oligoureas [54]. As a new class of unnatural helical
foldamer and a subclass of -y-AApeptides, (Fig. 2) [55], sulfono-y-AApeptides have been
shown to adopt well-defined helical conformation in solution. Interestingly, they resemble
a-helix well because they have similar helical pitches and diameters (Fig. 3) [55]. Since they
are resistant to enzymatic degradation, sulfono-y-AApeptides may overcome obstacles faced
by magainin 2 for antibiotic development. Moreover, as half of their side chains could be
introduced through the reaction of the backbone with a variety of sulfonyl chlorides,
sulfono-y-AApeptides are envisioned to exhibit enormous chemical diversity. [26, 31, 55—
56]. Our early reported antimicrobial AApeptides [20-12, 49, 57-59] were designed based
on the formation of extended structures based on amphiphilic building blocks, which interact
with the membranes of bacteria. As such, it was intriguing to investigate if helical sulfono-
v-AApeptides could also be designed to mimic amphipathic structure and antibacterial
activity of magainin 2, which may enable us to gain insight into the design of novel
antibiotic agents. It should be noted that CD studies suggested that sulfono-y-AApeptides
possess high helical folding propensity, because pronounced helicity could be observed in
the sequence comprised of as less as five building blocks [26, 55]. Interestingly, 2D-NMR
studies indicate that unlike a-helix in which there are 3.6 residues per helical turn, sulfono-
v-AApeptides have a helical pattern of four side chains per turn, which makes the design of
amphipathic helical structure straightforward. [55].

According to the above-mentioned structural model, a series of sulfono-y-AApeptides of
different lengths, cationic charges, and hydrophobicity were designed, in order to establish
the principle that governs the structure—function relationship existing in sulfono-y-
AApeptides for potential application in antibiotic development. As expected, y7 and y8
possessed much more potent antimicrobial activity than pexiganan (Fig. 8, Table 2). Indeed,
they are among the best antibacterial helical peptidomimetics reported to date [10, 19, 51—
54]. The sequence -y8 lacks an acetyl group at the A~terminus and is less helical suggested
by small angle X-ray scattering (SAXS), however, showed better antimicrobial activity as
well as less hemolytic activity and cytotoxicity toward mammalian cells compared with y7.
This is consistent to the findings that defined secondary structures are not necessary for
potent antimicrobial activity [19, 24-25].

Similarly to previous findings [20, 22], antimicrobial activities rely on the lengths of the
sequences. The activity of sequence generally increases as the length of the sequence
elongates. There are two factors which may account for the results. First, only when sulfono-
v-AApeptides contain five or more sulfono-y-AApeptide building blocks, they could form
discernible helical structures. Shorter sequences may be incapable of forming helical
conformations in solution, thus no amphipathic structure is present for membrane
interaction. In addition, antibacterial activity of HDPs are largely dependent on the number
of cationic charges and hydrophobic groups. Sequences normally fail to selectively bind and
interact with bacterial membranes with insufficient hydrophilicity and hydrophobicity. In
order to possess good activity, HDPs usually need > +5 charges [3].
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Notably, in addition to amphipathicity, the nature of hydrophobic groups also contributes
enormously to the activity. Sequences containing isopropyl groups instead of phenyl groups
found in -y7 and -y8 show significantly impaired activity. We reasoned that due to the less
hydrophobicity of the isopropyl group than the aromatic phenyl moiety, the sequences may
not arise strong interactions with membranes of bacteria.

The subsequent mechanistic studies including time-killing and fluorescence microscopic
experiments are all in agreement with the hypothesis that sulfono-y-AApeptides could
compromise membranes of both Gram-positive and Gram-negative bacteria, analogues to the
bactericidal mechanism of HDPs. Moreover, this class of antibacterial foldamer is resistant
to proteolytic hydrolysis. The findings could direct the design of a new class of foldameric
agents combating antibiotic resistance [50].

a/y-AA Hybrid Peptides as Antimicrobial Agents

We also utilized a hybrid backbone containing both canonical a-peptide units and -y-
AApeptide building blocks to generate short hybrid antimicrobial peptides so as to further
develop antimicrobial agents [60]. Previous findings suggest short peptides or peptoids with
lipid tails could lead to improved antibiotic agents [38, 62], as the addition of a hydrophobic
tail increases lipophilicity of the sequences and thereby enhancing their interaction with
bacterial membranes. Based on the above perception, short sequences might be active with
the inclusion of a lipid tail. In addition, the recent studies of antibacterial hybrid peptidic
oligomers revealed good potency and selectivity [13, 63]. Although their antimicrobial
mechanism is elusive, the findings suggested that short lipidated hybrid peptidic oligomers
may exhibit favorable activing and selectivity toward bacteria. To confirm our hypothesis,
we designed a series of a/y-AA hybrid oligomers (Table 3 and Fig. 9). These peptides are
comprised of y-AApeptide building blocks and one lysine amino acid residue. Each y-AA
peptide building block contains either two cationic charges, or one cationic group and one
hydrophobic group. Therefore, their global amphipathic structures are expected to mimic
HDPs. Lipidation was achieved by attaching one or two C16 lipid tails to the a- or at both
the a- and e-NH> groups in the lysine residue.

To our delight, despite the short sequence, ay1 showed excellent activity toward an array of
pathogens (Table 3 and Fig. 9). Critically, ay1 was highly selective for various bacteria.
Interesting, ayl was superior to pexiganan in terms of both activity and hemolytic activity.
Moreover, the selectivity is also improved over previously developed lead lipo-y-AApeptide
[21]. Both antibacterial activity and hemolytic activity of these hybrid oligomers could also
be adjusted by varying charges and hydrophobicity of the sequences. For example, bearing
one more hydrophilic y-AApeptide building block, a/y-AA hybrid peptide ay2 displayed
enhanced selectivity compared with ay1 (Table 3). With a decreased ratio of hydrophobicity
to hydrophilicity, ay2 still retained antibacterial activity without inducing hemolysis. The
results also confirmed again that the increase in hydrophobicity enhances antimicrobial
activity, as seen for ay3, ay4, ay5, and ay7. Compared to ayl and ay2, these
compounds with increased hydrophobicity show better antimicrobial activity. This is in
consistency with the previous conception that increased hydrophobicity correlates to
increased antimicrobial activity, although hydrophobicity is accompanied with toxicity,
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which compromises the selectivity. It is also interesting that most hybrid peptidic oligomers
bearing two C16 alkyl tails failed to display good activity against any bacteria. Although
ay6 exhibited activity against a few bacterial strains, its activity was not as broad-spectrum
as that of hybrid peptides containing one tail. We reasoned that they may form stable micelle
structures which do not dissociate easily on bacterial membranes.

The following mechanistic studies also suggest that by permeating and damaging bacterial
membranes the lipo-a/y-AA hybrid peptidic oligomers could resemble HDPs and rapidly
eradicate bacteria. We envision that lipo-a/y-AA hybrid peptides could hold promise to
combat drug resistance due to their simplicity and high selectivity.

CONCLUSION

Last two decades have witnessed the emerging development of antimicrobial
peptidomimetics. One of the most successful examples is the antimicrobial arylamides
developed by DeGrado et al., which are currently in Phase 11 clinical trials [1]. As a new
class of peptidomimetics, AApeptides have demonstrated their potential as antimicrobial
agents that mimic structure and function of HDPs. Akin to other classes of peptidomimetics,
AApeptides have enhanced stability, enormous potential for derivatization, and
straightforward design for optimization. The future development of AApeptides for
antimicrobial application could be taken on the following aspects. First of all, in order to
obtain more potent and selective AApeptides, different functional groups will have to be
investigated. In the meantime, since generally it is more challenging to develop
antimicrobial agents to kill Gram-negative bacteria that are believed to be more critical at the
moment, more research focus should be given to development of antimicrobial AApeptides
that have more potent activity against Gram-negative bacteria. Furthermore, /n vivo efficacy
of these peptidomimetics on the mouse model should be carried out in the near future, so as
to evaluate the potential of AApeptides as a new generation of antibiotic agents combating
drug-resistance.
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Fig. 1.
The possible mechanism of HDPs on bacterial membranes.
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Fig. 3.

Synthesis of AApeptides. a, Synthesis of a-AApeptide building blocks and a-AApeptides;
b, Synthesis of -y-AApeptide building blocks and -y-AApeptides. ODhbt = 3-Hydroxy-4-

oxo0-3,4-dihydro-1,2,3-benzotriazine.
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synthesis of y-AApeptide sequence; Alloc = allyloxycarbonyl.
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Flexible conformation

Fig. 6.

chhematic representation of the design of antimicrobial AApeptides. a, the basic
components of amphiphilic AApeptide building blocks; b, the formation of amphipathic
AApeptides upon association with bacterial membranes. Reproduced with permission from
ref 58. Copyright 2016 Royal Society of Chemistry.
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The structures of antimicrobial a-AApeptides, magainin and the regular peptide c1.
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The representative antimicrobial -y-AApeptides. The hydrophobic building blocks are
marked by lines.
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