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Abstract

The concept of antimicrobial peptides (AMPs) as potent pharmaceuticals is firmly established in
the literature, and most research articles on this topic conclude by stating that AMPs represent
promising therapeutic agents against bacterial and fungal agents. Indeed, early research in this
field showed that AMPs were diverse in nature, had high activities with low minimal inhibitory
concentrations, had broad spectrums of activity against bacterial, fungal and viral pathogens, and
could easily be manipulated to alter their specificities, reduce their cytotoxicities and increase their
antimicrobial activities. Unfortunately, commercial development of these peptides, for even the
simplest of applications, has been very limited. With some peptides there are obstacles with their
manufacture, in vivo efficacy and in vivo retention. More recently, the focus has shifted.
Contemporary research now uses a more sophisticated approach to develop AMPs that surmount
many of these prior obstacles. AMP mimetics, hybrid AMPs, AMP congeners, cyclotides and
stabilised AMPs, AMP conjugates and immobilised AMPs have all emerged with selective or
‘targeted’ antimicrobial activities, improved retention, or unique abilities that allow them to bind
to medical or industrial surfaces. These groups of new peptides have creative medical and
industrial application potentials to treat antibiotic-resistant bacterial infections and septic shock, to
preserve food or to sanitise surfaces both in vitro and in vivo.
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1. Introduction

As their name implies, antimicrobial peptides (AMPs) are small molecules with
antimicrobial activity, despite wide variations in their mass, amino acid residue composition,
charge, three-dimensional structure and biological characteristics. They are now known to
be a vast group of molecules widely distributed throughout nature and produced in species
of the kingdoms Monera (e.g. Eubacteria), Protista (e.g. protozoans and algae), Fungi
(yeasts), Plantae (plants) and Animalia (e.g. insects, fish, amphibians, reptiles, birds and
mammals) [1]. In some species these peptides serve as the primary antimicrobial defence
mechanism, yet in other species they serve as an adjunct to existing innate and adaptive
immune systems.

Interest in AMPs as potential antibiotic pharmaceuticals has always been high [2]. Because
of their rapid and broad-spectrum antimicrobial properties, these peptides were quickly
proposed as antimicrobials to treat microbial infections, particularly those caused by
antibiotic-resistant bacteria. Current research is divided into many areas. One area continues
to focus on identifying the spectrum of AMPs in nature, determining their range of
antimicrobial activities against bacteria, fungi and viruses, identifying their mechanisms of
antimicrobial activity in model membrane systems, identifying their mechanisms of
antimicrobial activity in intact microorganisms, and assessing their cytotoxicity to
eukaryotic cells and erythrocytes. A second area of research focuses on the role of AMPs in
innate immunity, their ability to attenuate the induction of pro-inflammatory cytokines and
their role in adaptive immune mechanisms [3,4]. This is particularly true for defensins,
which have direct antimicrobial activity, chemoattract phagocytic and mast cells, induce
inflammatory mediators, regulate the functions of phagocytes, and regulate the complement
system [5,6]. A third area of research, and the focus of this review, is the development of
modified peptides with unique properties. This includes AMP mimetics, hybrid AMPs,
AMP congeners, stabilised AMPs, AMP conjugates and immobilised AMPs.

It is generally accepted by many investigators that naturally occurring AMPS per se may not
be suitable for pharmaceutical development. In fact, commercial development of these
peptides for even the simplest of applications has been very limited. However, there are
some AMP compounds that have reached clinical trials [7,8]. The stages of development of
additional trials for immunomodulatory anti-infectives with antimicrobial actions,
immunomodulatory anti-infective peptides lacking antimicrobial action, immunomodulatory
peptides, and anti-infective peptides with unknown immunomodulatory activity are listed in
Table 3 of the recent article by Steinstraesser et al. [8]. These compounds have been
examined as active treatments for a variety of medical uses, including diabetic foot ulcers,
prevention of catheter-related bloodstream infections, therapy of acute acne, etc. The
discovery, preclinical status, phase status and post status of many of these compounds in
clinical trials can be easily searched and cross-checked (http://clinicaltrials.gov/).

Despite the clear potential of these compounds and the extensive efforts to move them into a
clinical realm, the resulting success has been limited. One nearly successful peptide in
clinical trials was MSI-78 (pexiganan acetate). This topically administered peptide reached
phase I11 clinical trials and was found to be as effective as the oral antibiotic ofloxacin in the
treatment of diabetic foot ulcers. Unfortunately, the new drug application was ultimately not
approved by the US Food and Drug Administration (FDA) [7,9,10]. Omiganan (MX-226 or
CPI-226) represents another near success story, as this peptide missed its primary endpoint
in phase 3a clinical trials for preventing catheter-associated infections. Omiganan did
achieve significance in other endpoints (reducing catheter colonisation), allowing it to
progress into confirmatory 3b trials.
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The near success of these compounds still helps to maintain an enthusiastic attitude amongst
pharmaceutical companies and pre-clinical researchers about their potential for commercial
development. However, there are still a number of roadblocks that must be addressed before
clinical implementation of AMPs will be attainable. Most notable are the disadvantages in
the production, properties and efficacy of AMPs. Potentially the largest issue in the field is
the projected high manufacturing cost of these peptides. If these agents will ever truly move
forward into clinical practice, a less costly means of production must be developed.
Recombinant DNA methods have been explored to generate the compounds, using
production systems in a variety of organisms (bacteria, fungi, plant and animal systems have
all been explored); in general, however, these methods have failed to prove commercial
feasibility. The pharmacokinetic properties of the AMPs can be somewhat unfavourable, as
these peptides are highly susceptible to degradation by proteases and exhibit short half-lives.
Lastly, AMPs have had low bacteriological efficacy in animal models, and the loss of
activity under physiological conditions is a valid concern with the general applicability of
this entire class of compounds.

Regardless of the challenges noted above with developing AMPs for clinical use, the rise of
resistant bacteria has prompted the continual search for new AMPs and this interest has
never waned. The purpose of this review is to describe the newer functional classes of
modified AMPs that have the potential to overcome these hurdles and become an important
class of available antibiotics. Here we present some of the contemporary strategies proposed
to design and engineer AMPs for unique and specific applications. These applications are
not all designed solely for preventing or treating microbial infections in humans or animals,
but have expanded applications as slow delivery systems, wound dressings, food
preservation systems, and coatings for implants, catheters and toys. Even when immobilised
or in complex environments, AMPs still retain their antimicrobial activity, which questions
earlier work on their mechanisms of action, particularly for AMPs known to form well
structured pores. The descriptions, potential and mechanisms of action of these new groups
of modified AMPs have served as the topics of many excellent and recent reviews (Table 1).

2. Rational design of modified antimicrobial peptides

By their nature, AMPs are diverse. They have different lengths, amino acid sequences,
anionic or cationic charges, and sometimes different tertiary structures [30]. Despite this
diversity, they do have some common features in that they are charged and their active
regions are generally amphipathic [31]. The designs of modified AMPs utilise these
common traits. As pointed out by Tossi et al. [31], the design of AMPs is generally based on
(i) amino acid residue analogues of natural peptides (e.g. congeners) that differ at one or
more residue positions, are shortened or contain deletions, as well as hybrid AMPs
composed of fragments of two different natural peptides; (ii) amino acid residues that
maximise the amphipathic nature of AMPs; (iii) amino acid sequences from combinatorial
libraries; and (iv) amino acid sequences that are patterned from known, naturally occurring,
a-helical peptide domains.

Rational designs also need to overcome some of the shortcomings of AMPs. Consideration
has to be given to control production costs, antimicrobial activity in complex environments,
the appropriate range of antimicrobial activity, and the host response to the peptide.
Modified peptides must contain the smallest amino acid domain that has full antimicrobial
activity, one approach that reduces costs for commercial development. Modified peptides
must retain antimicrobial activity in adverse environments, a second approach that maintains
or increases their activity in complex biological fluids, serum and high physiological salt
concentrations. Finally, modified peptides must resist degradation by host enzymes or have
a narrower spectrum of activity, a third approach to enhance specific antimicrobial activity
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against a select microorganism. These approaches are varied and have resulted in a number
of distinctive classes.

3. Modified antimicrobial peptides

Molecules imitating AMP structure and function, or modifications to AMP composition
have resulted in a number of distinctive AMP classes that now contain AMP mimetics,
hybrid AMPs, AMP congeners, stabilised AMPs, AMP conjugates and immobilised AMPs
[12,13].

3.1. Antimicrobial peptide mimetics

Mimetics are synthetic, non-peptidic molecules that mimic the properties and activities of
naturally occurring AMPs. AMP mimetics are constructed from peptoids, B-peptides,
arylamides, oligomers or phenylene ethynylenes (Table 2). These molecules are designed to
capture the central physicochemical features of their natural AMP archetypes thereby
mimicking peptide activity and function [40,41].

Peptoids are short, linear peptides with hydrophobic tails like fatty acids that are not
normally acylated. Peptoid synthesis incorporates an alkylamine into the peptoid as an N-
terminal alkyl tail. These tails can range from 5 to 13 carbons long. Peptoids of various
compositions and sizes have differing antibacterial, antifungal and haemolytic activities
[32]. A peptoid of only five monomers has selective broad-spectrum antimicrobial activity
with potency similar to that dodecameric peptoids [32]. A tetrameric, alkylated, cationic
peptoid (1-C134mer) is active against Mycobacterium bovis bacille Calmette—-Guérin (BCG)
and Mycobacterium tuberculosis [33], and peptoid 1 and 1-C134m,r are active against
Pseudomonas aeruginosa biofilms [34].

Mimetics based on acyl-lysine oligomers are being assessed by Amram Mor’s laboratory
and also have antimicrobial activity [35] and novel antitumour activity (Table 2). Oligo-
acyl-lysine (OAK) molecules are composed of tandem repeats of acyl-lysine molecules.
Depending upon their composition, OAKS exert potent antimicrobial activity against Gram-
positive bacteria while exhibiting negligible haemolysis [36]. However, activity may be
reduced by decreases in temperature and pH or increases in ionic strength. For example,
C12K-7ag activity for Escherichia coli, Listeria monocytogenes and Staphylococcus aureus
is decreased at acidic pH, low temperatures or in high salt concentrations, but activity is
enhanced at basic pH or higher temperatures [42]. More complex mimetics, such as N-
hexadecanoyl-.-lysyl-.-lysyl-aminododecanoyl-.-lysyl-amide (c1gKKc12K) or hexadecenoyl-
KKe12K [c16(m7)KKe12K] form fibres or nanofibre networks with distinct binding properties
to phospholipid membranes [43].

Mimetics based on phenylalkyne and arylamide compounds have antibacterial, antifungal
and anti-inflammatory activities [37-39] (Table 2). In the oral cavity, AMP mimetics have
the potential to eliminate periodontopathogens. Phenylalkyne compounds, arylamide
compounds and the mimetic designated mPE have potent antifungal activity against
planktonic cultures and biofilms of Candida spp. [37] as well as antimicrobial activity
against biofilms of both Aggregatibacter actinomycetemcomitans and Porphyromonas
gingivalis [38].

3.2. Hybrid antimicrobial peptides

Hybrid AMPs are constructed of the active regions of two to three naturally occurring
peptides to capture and combine the potential benefits of each individual fragment.
Examples of hybrid AMPs are shown in Table 3. The goals are to increase antimicrobial
activity, reduce the antimicrobial spectrum of activity, and reduce cytotoxicity for host cells.
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These peptides can be constructed by direct chemical synthesis of the desired hybrid peptide
or produced as a fusion protein expressed in an appropriate recombinant system.

The family of cecropin A—melittin (CEME), CEMA, CP26 and CP29 family of peptides
produced by Robert Hancock’s laboratory are good examples of the hybrid peptide concept
[44-48]. CEME is composed of amino acid residues 1-8 of cecropin A and amino acid
residues 1-18 of melittin; CEMA is a congener of CEME with a modified C-terminus
containing two additional cationic charges; CP26 is a congener with additional cationic
charges; and CP29 is a peptide with increased a-helical content. These peptides have an
improved ability to permeabilise the membrane of P. aeruginosa and can bind to
lipopolysaccharide (LPS) and lipoteichoic acid (LTA) [44]. As an added benefit, CEME,
CEMA and CP29 retain antimicrobial activity in a physiological range of sodium chloride
concentrations [44]. Another hybrid composed of amino acid residues 1-8 of cecropin A and
amino acid residues 1-12 of magainin Z has high antitumour activity, low haemolytic
activity and induces release of vesicle-entrapped fluorescence probes [55]. On a practical
side, expression of CEME and CEMA in transgenic plants may likely confer resistance to
bacterial and fungal phytopathogens [56,57].

Hybrid peptides can be designed to have very narrow microbial target specificities. This is
achieved by attaching a targeting peptide domain (e.g. a pheromone-like domain) to a
membrane-penetrating or intracellular-killing domain. Staphylococcal AgrD1 pheromone
attached to colicin la kills S. aureus but not Staphylococcus epidermidis or Streptococcus
pneumoniae [51]; enterococcal cCF109 pheromone attached to colicin la kills vancomycin-
resistant Enterococcus faecalis [52]; and Streptococcus mutans competence stimulating
peptide attached to an AMP domain kills S. mutans [53]. In some cases, multiple targeting
domains can be combined, resulting in a multitargeted peptide [54]. If the domains have
different modes of Killing (e.g. dual modes of action) this increases the potency, and one
such peptide (A3-APO) can disintegrate bacterial membranes and inhibit the 70-kDa heat
shock protein DnaK [49,50].

As we have found in our work, not all hybrid AMPs meet expectations. Peptide PQGPPQ
from proline-rich protein 1 has an affinity for fimbriae of P. gingivalis, and attaching it to
either the N-terminus or C-terminus of SMAP28 does not greatly increase the antimicrobial
activity or specificity of SMAP28 for P. gingivalis [58].

3.3. Antimicrobial peptide congeners

A congener is a chemical compound closely related to another in composition, exerting
either similar or antagonistic effects. AMP congeners are prepared by (i) relaxing their
tertiary structure when present, (ii) ‘swapping out’ specific amino acid residues within the
parent AMP sequence to change the charge and/or amphipathic characteristics of the
molecule, (iii) systematically truncating the N-terminus and/or the C-terminus ends of the
parent peptide to identify the smallest size of the active domain or (iv) both ‘swapping out’
specific amino acid residues and simultaneously truncating either or both the N-terminus or
the C-terminus ends of the parent peptide. Many effective congeners of defensins, CAP18,
human CAP18/LL-37, SMAP29 and enterocin have been found using this approach (Table
4).

One very effective method of preparing congeners is relaxing their structure. f-Defensins
are characterised by three intramolecular disulfide bonds contributing to a defined tertiary
structure [80,81]. Reducing the disulfide bonds in human B-defensin-1 (HBD1) increases its
antimicrobial activity against Candida albicans and against anaerobic Bifidobacterium and
Lactobacillus spp. [82]. Free cysteines in the C-terminus are important for the bactericidal
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effect. Also, congeners of linear B-defensins have differing chemotactic activities related to
their conformational status [83].

Disulfide bonding in HBD3 is also necessary for binding and activation of cellular receptors
for chemotaxis but not for antimicrobial activity [84-88]. Reordering disulfide bond
linkages, substituting the cysteine amino acids with a-aminobutyric acid or other amino acid
residues, or removing the disulfide bonds completely abolishes the chemotactic activity and
diminishes the cytotoxicity of the HBD3 congener but does not alter its antimicrobial
activity.

Distinct regions within B-defensins appear to be related to both the spectrum and potency of
antimicrobial activity [89-91]. In the murine B-defensin Defb14, congeners of the N-
terminus have potent antimicrobial activity for Gram-negative bacteria, and congeners of the
C-terminus have poor antimicrobial activity against Gram-negative and Gram-positive
bacteria [91]. In HBD1 and HBD3, the internal regions of HBD1 and the C-terminal region
of HBD3 are critical for antibacterial activity at high salt concentrations [90]. Deletion of the
N-terminal region of HBD3 results in an increase in antibacterial activity. HBD1 and HBD3
congeners inhibit herpes simplex virus and are chemotactic for granulocytes and monocytes.

Linear HBD3 fragments have antibacterial and antifungal activities and decreased
cytotoxicity for human conjunctival epithelial cells [87,92,93]. A C-terminal (R36-K45)
analogue peptide Y2, with the two cysteine residues replaced by tyrosines, has higher
antibacterial activity against P. aeruginosa and lower cytotoxicity against mammalian cells
than the parent HBD3 [92].

The approach of making congeners also works well with bacteriocins. Enterocin CRL35 is a
43-amino acid residue peptide with activity against Listeria spp. [94]. A shorter 15-amino
acid residue congener derived from enterocin CRL35 also inhibits the growth of Listeria
innocua [minimal inhibitory concentration (MIC) = 10 uM] and L. monocytogenes (MIC =
50 uM). Similarly, 15-amino acid residue congeners derived from mesentericin Y105,
pediocin PA-1 and piscicolin 126 also have antimicrobial activities.

Congeners also can bind to LPS, a major constituent of the outer membrane of Gram-
negative bacteria that is highly toxic and can cause sepsis or septic shock. Congeners of the
LPS-binding peptide Li5-001 had an ca. 1000-fold higher affinity than Li5-001 and a Kd
value of 0.01 nM [95].

Congeners can have novel applications. Arginine-rich peptides can act as potential carriers
for intracellular protein delivery [96]. Histidine-rich AMPs can complex with DNA for
utility in gene transfer [97]. A Gly-Ala substituted magainin can increase skin permeability
and may facilitate transdermal drug delivery [98].

Other modifications in AMPs increase their antimicrobial activities. End-tagging of
kininogen with hydrophobic amino acids, for example, increases antimicrobial activity with
tag length and leads to more pronounced P. aeruginosa LPS binding at high electrolyte
concentration and in the presence of plasma or anionic macromolecular scavengers [99].

How small can congeners be? Three amino acid residues appears to be the minimal peptidic
sequence for antimicrobial or anti-inflammatory activities of some peptides. The minimal
antimicrobial sequence for haemoglobin a-chain is KYR [100] and the minimal sequence for
the anti-inflammatory activities of salivary gland prohormone SMR1 is FEG [101].

Int J Antimicrob Agents. Author manuscript; available in PMC 2012 September 1.
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es and stabilised antimicrobial peptides

Cyclotides are cyclopeptides with a head-to-tail cyclic backbone, containing ca. 30 amino
acid residues with three conserved disulfide bonds [22—-25]. The bonds form a cysteine
‘knot’ where the cys1-cys4 disulfide bond and the cys2—cys5 disulfide bond form a ring
with their interconnecting backbone segments that is penetrated by the cys3—cys6 disulfide
bond. Although only 140 cyclotides have been sequenced from plants in the Rubiaceae
(coffee), Violaceae (violet), Fabaceae (peas and beans) and Cucurbitaceae (cucumbers,
squashes and pumpkins) families, it is predicted that over 50 000 cyclotides exist in plants
from alpine, desert, rainforest and urban environments.

Cyclotides have promising potential pharmaceutical and agricultural applications as anti-
HIV, antimicrobial, cytotoxic anticancer, insecticidal, molluscicidal and nematicidal agents.
Kalata B1, circulin A, circulin B and cyclopsychotride A have antifungal activity against
Candida kefyr and Candida tropicalis and antibacterial activity against E. coli, Klebsiella
oxytoca, P. aeruginosa, Proteus vulgaris and S. aureus [102]. They are very amenable to
chemical modifications, suggesting they be used as scaffolds for peptide-based drug design
[23].

Cyclotides are very stable by virtue of their cyclic conformation and their cysteine knot.
They are resistant to heat and to degradation by proteolytic enzymes. Likewise, other AMPs
can be cyclised and made more active and more stable in adverse environments. Circularised
peptide analogues of rabbit defensin NP-1 retain antimicrobial activity in low salt
concentrations, have greatly improved antimicrobial activity in higher salt concentrations
(100 mM), have less haemolytic activity for human erythrocytes, and have less cytotoxic
activity for human cervical epithelial cells [103]. Circularised peptide analogues of
enkephalin, contryphan, inhibitors of human tripeptidyl peptidase 11, and inhibitors of spider
venom epimerase are more stable and resistant to protease degradation [104]. Cyclised
angiotensin is fully resistant against purified angiotensin-converting enzyme, has
significantly increased stability in homogenates of different organs and in plasma derived
from pig, induces relaxation of precontracted Sprague—Dawley rat aorta rings in vitro,
interacts with the angiotensin receptor, and displays a strongly (34-fold) enhanced survival
in Sprague—Dawley rats in vivo [105]. A cyclic diastereomeric lysine ring analogue of
gramicidin S exhibits enhanced antimicrobial activity and markedly reduced haemolytic
activity compared with gramicidin S itself [106].

3.5. Antimicrobial peptide conjugates

If AMPs were coupled to a specific outer surface antibody or a ligand for a receptor on a
specific bacterial pathogen, they could be used at lower concentrations, would have narrow-
spectrum or ‘targeted’ antimicrobial activities, and induce fewer side effects. There are a
few examples that this concept works (Table 5). In plants, coupling antifungal peptides to a
Fusarium spp.-specific antibody protects plants against a Fusarium oxysporum f. sp.
matthiolae infection [107]. In the oral cavity, we have shown that conjugated peptides have
the potential to eliminate a specific periodontopathogen, such as P. gingivalis, from patients
with periodontal disease without harming the normal commensal flora. Coupling an
antibody specific to the outer surface of P. gingivalis strain 381 to SMAP28 selectively Kills
P. gingivalis in an artificially generated microbial community containing P. gingivalis,
Aggregatibacter actinomycetemcomitans and Peptostreptococcus micros [108].
Furthermore, a disubstituted dexamethasone—spermine conjugate kills S. aureus and P.
aeruginosa, enhances S. aureus susceptibility to antibiotics, and inhibits interleukin (IL)-6
and IL-8 release from LPS- or LTA-treated neutrophils [112].
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Peptides can be conjugated to micelles and liposomes equipped with uptake-mediating
mechanisms. Apolipoprotein E-derived peptide efficiently translocates across cell
membranes and integrates into lipid bilayers [109], and this peptide in micelles (colloidal
P2A2 micelles) or liposomes (P2A2-tagged liposomes) is taken up differently by endothelial
cells of small capillaries (b.End3 cells) and large vascular vessels (BAEC cells). P2A2-
tagged liposomes are non-selectively internalised into both b.End3 and BAEC cells via
clathrin- and caveolin-independent endocytosis. In contrast, colloidal P2A2 micelles only
enter b.End3 cells via clathrin-mediated endocytosis, and not BAEC cells.

Conjugation of AMPs with fatty acids or steroids increases antimicrobial activity.
Lactoferrin/lauric acid, peptide AKK/lauric acid, peptide LKK/lauric acid, peptide AKK/
myristic acid and VKF, VKW or FFK/triamino analogue of cholic acid conjugates all have
increased antimicrobial activity [113,114].

AMPs are powerful adjuvants enhancing immune responses in conjugates containing both
AMPs and antigens or as fusion proteins containing expressed AMPs and antigens. LL-37
enhances an antitumour immune response of M-CSFRj4.1, a potential target for tumour
immunotherapy, when the two are genetically fused and administered to mice [110]. Anti-
M-CSFR antibody or M-CSF soluble receptor inhibits the growth of leukaemia and
hepatoma cell lines overexpressing M-CSF and M-CSFR. Mouse B-defensin-based vaccines
elicit potent cell-mediated responses and antitumour immunity when genetically fused with
another non-immunogenic tumour antigen [111]. The fusion protein, consisting of mouse -
defensin linked to a tumour antigen, acts directly on immature dendritic cells as an
endogenous ligand for TLR4 and upregulates co-stimulatory molecules, induces dendritic
cell maturation and induces the production of lymphokines.

ised antimicrobial peptides

AMPs and proteins can be immobilised via incorporation into a variety of materials or
adsorbed to a variety of surfaces where they still retain their ability to bind and kill bacteria.
Both of these methods of immobilisation have vast applications (Table 6) (see Costa et al.
[28] for a comprehensive review of this topic).

Native peptides in solution interact with and disrupt microbial membranes with high affinity
and well described mechanisms [130]. Immobilised peptides appear to interact and disrupt
microbial membranes in a similar fashion, provided they are tethered properly [118]. Still,
there can be some reduction of activity. AMPs immobilised close to the surface are thought
to electrostatically attract adjacent bacteria, allowing the peptide to penetrate into the
membrane of attached bacteria [115].

AMPs can be incorporated into plastics or films to retard spoilage and increase food
preservation times. In polyethylene film polymers, nisin inhibits the growth of Brochothrix
thermosphacta, a psychrotrophic meat spoilage microorganism, on beef surfaces at 4 °C for
up to 21 days [116]; in polyelectrolyte multilayer films, an Anopheles gambiae mosquito
defensin reduces the growth of E. coli by 78.6% and Micrococcus luteus by 86.4% in
growth assays [117]; and in polyelectrolyte multilayer films on silicon wafers, gramicidin A
both prevents the growth of E. faecalis and lyses the microbial cells that do attach [115].

AMPs can also be tethered to resins or brush layers with proposed uses as contact-active
cationic antimicrobial surfaces [118,119]. Peptide KLAL and magainin-derived peptide
MKS5E immobilised to resins has antimicrobial activity for E. coli and Bacillus subtilis
[118]. Immobilisation reduces the antimicrobial activity but not the spectrum of activity.
Longer spacers between the resin surface and peptides KLAL and MK5E and the chain
position of immobilisation are more import to antimicrobial activity than surface density of

Int J Antimicrob Agents. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brogden and Brogden

Page 9

the peptides. As an antibacterial coating, magainin I in 2-(2-methoxyethoxy) ethyl
methacrylate and hydroxyl-terminated oligo(ethylene glycol) methacrylate retains
antibacterial activity against the food-borne disease-inducing microorganisms Listeria
ivanovii and Bacillus cereus [120]. Again, tethering is important and the amount of available
magainin | can be increased by varying the composition of the copolymer coating.

AMPs can be directly adsorbed to surfaces, also with proposed uses as contact-active
cationic antimicrobial surfaces. Nisin adsorbed to stainless steel, polyethylene terephthalate
and rubber surfaces inhibits the growth of Enterococcus hirae, whilst nisaplin, a congener of
nisin, adsorbed to surfaces reduces the attachment of L. monocytogenes [123]. Microbial
counts of skim milk in nisin-adsorbed PET bottles are significantly lower after 24 days of
refrigerated storage.

AMPs and lysozyme can be encapsulated within silica or titania nanoparticles to create
bionanocomposite materials with antimicrobial activity for use as broad-spectrum
antifouling materials or cosmetics with antimicrobial and sunscreen properties [125].
Lysozyme catalyses the precipitation of silica from tetramethoxysilane to form
interconnected nanospheres entrapping the biologically active lysozyme. LL-37 in silica
precipitated from tetraethyl orthosilicate is slowly released and has high antimicrobial
activity against E. coli and S. aureus, low haemolytic activity for erythrocytes, and low
cytotoxicity against keratinocytes [126].

Immobilised AMPs can be used to capture, concentrate and detect microorganisms in
screening assays for the detection of food-borne pathogens or microbial biothreat agents.
Cecropin A, magainin | and parasin immobilised on silanised glass slides with bifunctional
N-(y-maleimidobutyryloxy) succinimide ester spacers binds E. coli 0157:H7 and
Salmonella enterica serovar Typhimurium [127,128]. Detection limits in sandwich assays
were 0.5-5.0 x 10° colony-forming units (CFU)/mL (E. coli) and 0.1-5.0 x 10 CFU/mL
(Salmonella Typhimurium). This technology has the application to detect bacterial, viral and
rickettsial pathogens, including inactivated biothreat agents [129].

In the oral cavity, peptides immobilised to denture material may serve to prevent biofilm
formation, and peptides immobilised to titanium surfaces may serve to shorten the period of
osseointegration of implants and reduce colonisation of periodontopathogens to implant
surfaces [131-133]. Immobilised histatin alone or immobilised conjugated peptides of
histatin 5/titanium-binding peptide and lactoferricin/titanium-binding peptide reduce
colonisation of P. gingivalis and enhance mRNA expression of Runx2, OPN and ALPase in
osteoblastic cells.

4. Conclusions

Modified AMPs, including peptide mimetics, hybrid peptides, peptide congeners, stabilised
peptides, peptide conjugates and immobilised peptides, have all emerged from natural
AMPs. These unique classes of molecules are advertised to have selective or ‘targeted’
antimicrobial activities, improved retention, or unique abilities that allow them to bind to
medical or industrial surfaces. These groups of new peptides have creative medical and
industrial application potentials to treat antibiotic-resistant bacterial infections and septic
shock, to preserve food, or to sanitise surfaces both in vitro and in vivo. It is possible that
these molecules will become the next generation of peptides with potential as
pharmaceuticals.
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Table 1

Relevant and recent reviews of composition, structure and activities of modified antimicrobial peptides

Reference(s)
1. Introduction
Advances in peptide pharmaceuticals [11]
2. Rational design of modified antimicrobial peptides
Design and engineering strategies for synthetic antimicrobial peptides [12,13]

3. Modified antimicrobial peptides
3.1. Antimicrobial peptide mimetics
Mimetics as a new generation of antimicrobials inspired by the natural antimicrobial peptide and triaryl scaffolds [14,15]
Structural determinants of antimicrobial activity in polymers [16]
Peptoid—peptide hybrid backbone architectures [17]
3.2. Hybrid antimicrobial peptides
Chimeric antimicrobial peptides exhibit multiple modes of action [18,19]
3.3. Antimicrobial peptide congeners
Structural determinants of host defence peptides for antimicrobial activity and target cell selectivity [20]
Cathelicidins and functional analogues as antisepsis molecules [21]
3.4. Cyclotides and stabilised antimicrobial peptides

Biological activities of natural and engineered cyclotides, a novel molecular scaffold for peptide-based therapeutics  [22]

The chemistry of cyclotides [22-25]
3.5. Antimicrobial peptide conjugates
Polymer-based, macromolecule-based, carrier-based and novel bioconjugates [26]
‘Targeted’ antibacterial therapy [27]
3.6. Immobilised antimicrobial peptides
Covalent immobilisation of antimicrobial peptides onto biomaterial surfaces [28]
Tethering antimicrobial peptides: current status and potential challenges [29]
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Table 2

Diverse biological activities of peptide mimetics

Page 18

Activity Example Reference(s)
Antimicrobial activity
Peptoids Peptoid 1-C13, is active against Mycobacterium bovis bacille Calmette-Guérin ~ [16,32-34]
and Mycobacterium tuberculosis, and peptoid 1 and 1-C13,4,, are active against
Pseudomonas aeruginosa biofilms. Ndec-1gmer and Ntridec-14ye are active
against Escherichia coli, Bacillus subtilis and Candida albicans
Oligo-acyl-lysine (OAK) derivatives C12K-7ag is active in vitro and in vivo against Gram-negative bacteria, with no [35]
haemolytic activity
NC1,-2 By exerts potent activity against Gram-positive bacteria whilst exhibiting [36]
negligible haemolytic activity
Phenylalkyne and arylamide compounds  Potent antifungal activity against Candida spp. both in planktonic and biofilm [37]
forms as well as in the presence of saliva
Phenylalkyne and arylamide compounds ~ mPE exhibited potent and rapid antimicrobial activity against biofilms of both [38]
Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis
Antitumour activity
Oligo-acyl-lysine (OAK) derivatives a32-3f1, exhibits dose-dependent inhibition of TRAMP-C2, LNCAP, PC3, [39]
MCF-7 and N-417 tumour cell lines in vitro and tumour growth in vivo in mice
Anti-inflammatory activity
Phenylalkyne and arylamide compounds  Cell cultures treated with mPE demonstrate dose-dependent inhibition of [38]

interleukin (IL)-8 secretion, suggesting mPE is an anti-inflammatory agent,
possibly by interfering with NF-xB signal transduction
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Table 3

Diverse biological activities of hybrid peptides

Page 19

Activity Example Reference(s)
Increased antimicrobial activity CEME, CEMA, CP26 and CP29 permeabilise the outer membrane of Pseudomonas [44-48]
aeruginosa, bind lipopolysaccharide and bind lipoteichoic acid
A3-APO has a ‘dual mode of action’, attacking both the bacterial membrane and [49,50]
intracellular heat shock protein DnaK
Targeted antimicrobial activity =~ Microbial pheromones (e.g. staphylococcal AgrD1, enterococcal cCF109, streptococcal [51-54]
competence stimulating peptide) mediate microorganism-specific delivery of an
antimicrobial peptide domain (e.g. channel-forming domain of colicin la)
M8y-20 displays specific targeted activity against P. aeruginosa and Streptococcus mutans  [54]
Antitumour activity Cecropin A(1-8) and magainin Z(1-12) have high antitumor activity and less haemolytic [55]

activity
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Table 4

Diverse biological activities of congener peptides

Page 20

Peptide

Example

Reference(s)

CAP18

LL-37 (hCAP18104—140)

SMAP29

Melittin

Thrombin-induced platelet
microbicidal protein 1

Congeners of CAP18,¢5_14» have antimicrobial activity, inhibit the binding of LPS, inhibit LPS
activation of mouse macrophages and human monocytes, inhibit LPS-induced release of
cytokines and nitric oxide from macrophages, inhibit LPS-induced Limulus amoebocyte lysate
coagulation, and protect mice from LPS lethality

Congeners of LL-37 have antimicrobial activity (even in 175 mM NacCl); inhibit the binding of
LPS, inhibit LPS-induced release of nitric oxide from macrophages and inhibit LPS-induced
vascular nitric oxide production; attract neutrophil granulocytes; retain activity in serum; induce
less haemolysis; and protect mice from LPS lethality

SMAP28, ovispirin, novispirin and other congeners have varying degrees of antimicrobial
activity, are active both in low and high ionic strength conditions, induce significant
morphological alterations in bacterial surfaces, and reduce the concentration of bacteria in
models of infection

Deletion of the hinge amino acid residues along with two C-terminal terminal glutamine
residues (Q25 and Q26) yields a peptide analogue of 19 amino acid residues, does not reduce
antibacterial activity but does reduce haemolytic activity

A synthetic congener, called RP-1, has rapid bactericidal activity, induces extensive membrane
permeabilisation without depolarisation, and inhibits DNA, RNA and protein synthesis

[59-65]

[61,65-68]

[65,69-77]

[78]

[79]

LPS, lipopolysaccharide.
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Diverse biologica

Table 5

| activities of peptide conjugates

Page 21

Activity Example Reference(s)
Antimicrobial activity  Antifungal peptides linked to a Fusarium spp.-specific antibody [107]
SMAP28 linked to rabbit IgG antibodies, specific to the outer surface of Porphyromonas gingivalis [108]
strain 381
Apolipoprotein E-derived peptide efficiently translocates across cell membranes [109]
Antitumour activity LL-37 enhances an antitumor immune response of M-CSFR;g_1, a potential target for tumour [110]
immunotherapy, when LL-37 is genetically fused with M-CSFR;4.; and administered to mice
Mouse B-defensin linked to a tumour antigen elicits potent cell-mediated responses and antitumour [111]

immunity when genetically fused with another non-immunogenic tumour antigen
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Table 6

Diverse biological activities of immobilised antimicrobial peptides

Page 22

Antimicrobial peptide and activity

Reference(s)

Nisin, Anopheles gambiae mosquito defensin and gramicidin A retard spoilage and increase food preservation times when
incorporated into plastics or films

Peptide KLAL, magainin-derived peptide MK5E, magainin | and Tet peptides (e.g. Tet-20, Tet-26, Tet-213 and 1010) can be
tethered to resins or brush layers to make contact-active cationic antimicrobial surfaces. In some instances, immobilisation
reduces antimicrobial activity but not the spectrum of activity

Oligo-acyl-lysine (OAK) and polylysines tethered to resins efficiently captures pathogens in different media in batch or flow-
through procedures

Nisin, nisaplin (a congener of nisin) and magainin | can be directly adsorbed to surfaces to make contact-active cationic
antimicrobial surfaces

LL-37 and lysozyme can be encapsulated within silica or titania nanoparticles to create bionanocomposite antifouling materials
with broad-spectrum antimicrobial activities or for use as cosmetics with antimicrobial activities and sunscreen properties

Cecropin A, magainin | and parasin immobilised to glass can capture, concentrate and detect microorganisms in screening
assays for the detection of food-borne pathogens or microbial biothreat agents

[115-117]

[118-121]

[122]

[123,124]

[125,126]

[127-129]
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