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Abstract Naturally occurring antimicrobial peptides

(AMPs) present several drawbacks that strongly limit their

development into therapeutically valuable antibiotics.

These include susceptibility to protease degradation and

high costs of manufacture. To overcome these problems,

researchers have tried to develop mimics or peptidomi-

metics endowed with better properties, while retaining the

basic features of membrane-active natural AMPs such as

cationic charge and amphipathic design. Protein epitope

mimetics, multimeric (dendrimeric) peptides, oligoacylly-

sines, ceragenins, synthetic lipidated peptides, peptoids and

other foldamers are some of the routes explored so far. The

synthetic approach has led to compounds that have already

entered clinical evaluation for the treatment of specific

conditions, such as Staphylococcus (MRSA) infections.

Should these trials be successful, an important proof-of-

concept would be established, showing that synthetic

oligomers rather than naturally occurring molecules could

bring peptide-based antibiotics to clinical practice and the

drug market for local and systemic treatment of medical

conditions associated with multi-drug resistant pathogens.
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Abbreviations

AMP Antimicrobial peptide

MAP Multiple antigenic peptide

LPS Lipopolysaccharide

LTA Lipoteichoic acid

OAK Oligoacyllysine

PEM Protein epitope mimetic

ROMP Ring-opening metathesis polymerization

SMAMP Synthetic mimic of antimicrobial peptides

VV Vaccinia virus

Introduction

Since the identification, several decades ago, of cecropins

in the pupae of Hyalophora cecropia moth, defensins in

human neutrophils and magainins in skin secretions of the

frog Xenopus laevis, our knowledge of antimicrobial pep-

tides (AMPs) as crucial components of the innate immune

system of multicellular organisms has expanded signifi-

cantly. Several hundred peptides have been isolated from

many sources, and detailed structure-activity relationship

studies performed on many reference peptides belonging to

different structural classes [1]. Notwithstanding these

advances, however, translation of this science into antibi-

otics with new mechanisms of action that could be of much

value to combat the growing health threat posed by resis-

tant pathogenic microorganisms has not emerged as yet.

As drug candidates, AMPs present various disadvan-

tages. First, because of their relatively large size [*20

amino acids], manufacturing antibacterial peptides can be

costly and technically difficult. Second, many of these

peptides are degraded quickly in the presence of proteases

[2], are susceptible to pH changes or their activity is
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reduced in the presence of salts and divalent cations, such as

those present in serum [3]. In addition to these built-in

limitations, microbial resistance is also not a negligible

factor. Although AMPs generally hit a cellular component

that is believed per se to be not easy modifiable in its basic

physico-chemical features by microbial targets, i.e., the

lipid component of the plasma membrane, bacterial patho-

gens have traveled a long distance with AMPs throughout

evolution, developing several mechanisms for conferring

intrinsic or inducible resistance. These resistance mecha-

nisms include structural modification of components of the

bacterial outer membrane, such as lipopolysaccharide (LPS)

or lipoteichoic acid (LTA), to reduce permeability by

AMPs, AMPs-trapping molecules, efflux pumps to remove

AMPs from the periplasmic space (see the review of Ko-

privnjak and Peschel within the MAR) and membrane-

bound proteases that degrade peptides [4–6]. Although the

use of peptides composed of D-amino acids is sometimes

contemplated owing to their high resistance to proteolysis

[7], this approach often significantly increases the cost

of manufacturing with only limited pharmacokinetic

advantages.

In order to overcome these limitations, focus has shifted

from the production of these naturally occurring AMPs or

their sequence analogs to developing mimics endowed with

better properties such as multimeric peptides or peptidom-

imetics. The term peptidomimetic is used here in a broad

sense, referring to any sequence designed to mimic a peptide

structure and/or function, but whose backbone is not solely

based on a-amino acids. Peptidomimetics can thus be based

on semi-synthetic analogues or can be novel, fully synthetic

macrocylic products, polymers that mimic a peptide primary

structure through the use of amide bond isoesteres and/or

modification of the native peptide backbone, including

chain extension, or heteroatom incorporation [8]. Nonpep-

tidic compounds that are facially amphiphilic can also

derive from a steroid scaffold or starting from a de novo

design approach resulting in inexpensive synthetic oligo-

mers. Classes of antimicrobial peptidomimetics will be

briefly outlined here, with a focus on membrane-targeting

compounds with therapeutic potential. Rather than being an

encyclopedic account of synthetic routes to AMPs, the aim

of this review is rather to highlight the most promising

approaches, together with discussing the more conventional,

typical examples that opened the field.

Mimicking antimicrobial peptides: selected approaches

Multimeric peptides

Peptide dendrimers—branched polymers with peptides

attached centrally to a template or core matrix—have been

developed for many years, for a number of different

applications, such as protein mimetics, de novo design of

artificial proteins, new biopolymers and biomaterials, and

as immunogens and antigens [9]. In 1988, the multiple

antigenic peptide (MAP) system was introduced as a novel

approach to preparing peptide immunogens [10]. In this

case, multiple peptide sequences can be added using

standard solid-phase chemistry to an inner core of radially

branched lysine residues. The main idea was to mimic a

portion of a protein surface by bringing the potentially

immunogenic peptide sequences together by assembling

the peptide chains on a template as a peptide dendrimer,

whereas in native proteins discontinuous bioactive peptide

surfaces are held together in a particular conformation by

the structural rigidity of the protein.

More recently, the MAP approach has been used

for the development of peptide dendrimers with antimi-

crobial properties. Starting from a linear AMP sequence

(QEKIRVRLSA) originally identified by selecting a ran-

dom phage library against whole Escherichia coli cells

[11], several cycles of rational modification and optimi-

zation led to the compound known as SB041 (Fig. 1). In

this novel tetra-branched peptide, four identical peptides

(pyrEKKIRVRLSA) have been linked to a lysine core, also

carrying a lipophilic amino valeric acid chain aimed at

enhancing the peptide’s membrane affinity, and a pyro-

glutamic acid at N-terminal end aimed at conferring more

stability, avoiding the well-known cyclization process

involving a Gln residue [12]. The peptide was found to be

especially active against gram-negative strains, with a

potency comparable (on molar basis) to that of the lipo-

peptides colistin and polymixin B; it bound E. coli and

Pseudomonas aeruginosa LPS in vitro strongly, but this

binding did not necessarily translate into LPS-neutralizing

activity, as seen by checking the SB041 effects on LPS-

induced activation of pattern recognition receptors (PRRs)

in Raw-Blue cells, derived from RAW 264.7 macrophages

[12]. Working on a very similar tetrabranched system,

Fig. 1 Primary sequence and structure of the dendrimeric (tetra-

meric) antimicrobial peptide SB041. 5-Ava 5-amino valeric acid,

pyrE pyroglutamic acid. All amino acids have L-configuration. The

peptide is amidated at the C-terminus (5-Ava)
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Luisa Bracci and colleagues from the University of Siena,

Italy, have recently reported similar selectivity for gram-

negative bacterial strains, coupled to LPS-neutralizing

activity and even significant anti-endotoxin properties in

sepsis animal models [13]. In the future, it would be

interesting to check whether the discrepancies between

these studies, such as for the reported neutralization of LPS

by SB041 and related dendrimers, depend on the various

assays of choice or not (e.g., Bracci and colleagues directly

quantified TNF-a released in vitro from Raw 264.7 cells

upon stimulation with a 50–200 smaller LPS amount than

that used by Bruschi et al. [12]).

Dendrimeric peptides usually display increased activity

compared to their monomeric counterparts—a fact proba-

bly attributable to the higher local concentration of

bioactive units for multimeric peptides—as well as greater

stability to peptidases and proteases, possibly because of

the steric hindrance of the branching core that would limit

the cleavage rates of plasma peptidases, thus increasing the

peptides’ pharmacokinetic properties [14].

Besides targeting bacterial pathogens, peptide-deriva-

tized dendrimers have the potential for other anti-infective

applications. For example, a very recent study has shown

that the tetrabranched compound SB105 and its derivative

SB105 A10 were able to inhibit replication of several

strains of human cytomegalovirus (HCMV) in both pri-

mary fibroblasts and endothelial cells [15]. HCMV is the

principal pathogen in bone marrow and solid-organ trans-

plant recipients and among immunocompromised AIDS

patients, these infections being a major cause of morbidity

and mortality among these groups.

Apparently, in this case dendrimers exerted their inhib-

itory effect by blocking the initial attachment of virions

to heparan sulfate on the cell surface, a novel mechanism

that could make SB105 and SB105 A10 attractive candi-

dates as members of an innovative class of antiviral drugs

[15].

PEM molecules

The b-hairpin is an interesting scaffold for the development

of new therapeutics. It is used by many natural proteins for

molecular recognition, and it is suitable to mimetic design,

for example, by transferring a loop sequence from the

protein or peptide of interest onto a synthetic template that

can act to stabilize hairpin backbone conformations [16].

This kind of approach has been named Protein Epitope

Mimetic (PEM) technology (Fig. 2), and it has been

fruitfully applied to modify the sequence of membranolytic

AMP protegrin I for the development of a new class of

compounds. Iseganan, a protegrin derivative, has already

undergone clinical trials. In 2004, IntraBiotics Pharma-

ceuticals, Inc. (now Ardea Biosciences, Inc.) ceased all

development of Iseganan when two Phase III trials in oral

mucositis failed, and a Phase II/III trial of the compound to

prevent ventilator-associated pneumonia (VAP) was ter-

minated after an independent data-monitoring committee

found higher rates of VAP and mortality in the treatment

arm [17].

Researchers at the University of Zurich and Polyphor

Ltd. (www.polyphor.com), by means of PEM technology,

have developed epitope mimetics of protegrin I that spe-

cifically target P. aeruginosa via a mechanism of action

that is distinct from the membrane-disrupting activity of

the parent compound [18]. These mimetics contain loop

sequences related to that of protegrin I, but linked to a

D-proline–L-proline template, which contributes to the

stabilizing b-hairpin conformations within the macrocycle

[19, 20]. A hit-identification and lead-optimization cam-

paign gave two lead compounds named POL7001 and

POL7080 that were active in the nanomolar range against

gram-negative Pseudomonas spp. In vitro studies evaluated

the mimetics against more than 100 P. aeruginosa clinical

isolates and found that the minimum inhibitory concen-

trations with antimicrobial activity against 90% of the

isolates (MIC90) were 0.13 and 0.25 lg/ml for POL7001

and POL7080, respectively.

Different biochemical and genetic studies—including

the characterization of spontaneous resistant mutants,

selected at 59 MIC and with a frequency of B1 9 1010—

showed that the peptidomimetics had a non-membrane-

lytic mechanism of action and identified as target a

homolog of the b-barrel protein LptD (Imp/OstA), which

functions in outer-membrane biogenesis. LptD is an outer-

membrane protein widely distributed in gram-negative

bacteria that functions in the assembly of LPS in the outer

Fig. 2 Structure of a b-hairpin

PEM molecule. PEMs typically

comprise a peptide loop linked

to a b-hairpin-stabilizing

template (e.g., the D-Pro-L-Pro

dipeptide shown here)
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leaflet of the outer membrane. If the function of LptD is

impaired upon binding to the peptidomimetic, outer-

membrane structure and biogenesis should become altered.

The in vivo efficacy of POL7001 and POL7080 was

also evaluated in a mouse septicemia model using two

P. aeruginosa strains. Both antibiotics demonstrated

substantial activity against both strains with calculated

median effective doses (ED50 values) in the range of

0.25–0.55 mg/kg. In contrast, median effective doses of the

generic aminoglycoside antibiotic gentamicin were 3.1 and

2.9 mg/kg against the two strains, respectively [18].

This family of antibiotics may be useful in the treatment

of nosocomial infections and chronic lung infections in

patients with cystic fibrosis where P. aeruginosa is con-

sidered to grow as biofilms. Polyphor expected the lead

mimetic, POL7080, to enter Phase I testing by the end of

2010.

Oligoacyllysines

Oligoacyllysines (OAKs) are a novel group of anti-

microbial copolymers, composed of tandem repeats of

acyllysines, designed to mimic the primary structure and

function of natural antimicrobial peptides (Fig. 3a). This

class of compounds is based on the assumption that acyl

moieties might be able to substitute extensive sequences

within the peptide backbone, thus enabling a gradual

control of molecular hydrophobicity simply by changing

the acyl chain length. While providing both hydrophobicity

and positive charge features, these molecules are expected

to limit the formation of defined secondary structures

because of the optimal rotational freedom of the carbon

atoms in an acyl chain [21].

The first OAK investigated was found to exert antibac-

terial activity through membrane disruption, but recent

findings indicate that drastically different killing rates (e.g.,

minutes vs. hours) of some of these OAKs can reflect a

distinct mechanisms of action, such as interactions with

intracellular targets and/or interference with intracellular

processes [3, 22].

By linking the octamer OAK derivative C12K–7a8 to a

polystyrene bead, it has been possible to exploit one

attribute—the binding affinity versus bacteria—and elimi-

nate the other—the killing effect—in order to prepare a

coating of polymeric surfaces for filtration/concentration of

microorganisms from various liquid media and for the

detection and/or depletion of bacteria [23]. These new

resin-linked OAKs (ROAKs) were shown to be stable and

to efficiently capture a variety of pathogens in different

media upon brief incubation with ROAK beads or after

continuous flow through a ROAK-packed column. The

capture is likely to be mediated by nonspecific (physico-

chemical) interactions with an external component(s) of the

cell wall, such as LPS and LTA in gram-negative and

gram-positive bacteria, respectively. A single ROAK bead

is estimated to capture about 3,000 bacterial cells in culture

medium, in contaminated saline or tap water, thus resulting

in an efficient method for the detection of pathogens in

large volumes of water (i.e., 10 CFU per 100 ml) [23].

Moreover, the ability of OAKs to remain active under a

large spectrum of incubation conditions (such as different

ionic strengths, pHs and temperatures) points to potential

uses of OAKs in food safety as the antimicrobial properties

were studied under incubation conditions relevant to food

product preservation [23].

In a recent study, Amram Mor and colleagues chal-

lenged the OAK technology for its ability to generate

effective and economically affordable antimicrobial com-

pounds, and came up with a miniaturized OAK composed

of only 3 lysyl residues and 2 acyls, named C12(x7)K–b12,

that preferentially targets gram-positive species by a

bacteriostatic mode of action [24]. Since the excess

hydrophobicity and the consequent self-assembly in aque-

ous media may result in enhanced hemolytic and cytotoxic

effects along with decreased antimicrobial activity [25],

this new OAK is endowed with an unsaturated N-terminal

acyl moiety whose double bond is expected to interfere

with self-assembly; more specifically, self-assembly is

likely to be inhibited because of a dual effect imposed by

the single double bond: reduced hydrophobicity and wob-

bly packing. In accordance with its design, C12(x7)K-b12

demonstrated a non-aggregative state at biologically rele-

vant concentrations, and a reduced hemolytic effect along

with potent and selective antibacterial activity [24]. In

terms of mechanism of action, the presented findings

indicate that the observed bacteriostatic effect is linked to

the shallow insertion of C12(x7)K-b12 within plasma

membrane anionic phospholipids, resulting in a slow per-

turbation of the membrane instead of a rapid damage.

Moreover, data also demonstrated in vivo activity of
Fig. 3 a Acyl-lysyl oligomers (brackets define the building blocks);

b chemical structure of ceragenin CSA-13
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C12(x7)K-b12 in a peritonitis-sepsis model induced by

gram-positive bacteria such as Staphylococcus aureus [24].

In a broader view, these results suggest that adding a

N-terminal unsaturated acyl residue as anti-aggregation

feature could be extended to become a strategy for

improving the performance of lipopeptides in general.

Ceragenins

Another class of AMPs mimic has been developed by the

synthesis of steroids with amine groups. This series of

antimicrobial compounds, termed Ceragenins
TM

, is based

on derivatives of bile acids with covalently attached amines

(Fig. 3b). This class of molecules has a net positive charge

that is electrostatically attracted to negatively charged

bacterial membranes and has a high binding activity for

LPS and LTA, similar to AMPs. Ceragenins’ design can be

considered as inspired by squalamine, a naturally occurring

aminosterol with potent antimicrobial activity, isolated

from shark liver [26].

The cationic steroid antimicrobial, CSA-13, is the most

potent of the Ceragenin
TM

compounds tested to date and has

been shown in vitro to effectively kill both gram-negative

and gram-positive bacteria [27]. Although Ceragenins
TM

have been found to have weak hemolytic activity, they

display broad-spectrum bactericidal activity [28], which

gives them significant potential to be used as a therapy for

several indications.

For example, the activity of CSA-13 against oral cari-

ogenic and periodontopathic bacteria such as multiple

isolates of Streptococcus mutans (anaerobic bacteria) and

Porphyromonas spp. (obligate anaerobic bacteria) suggests

that CSA-13 may be useful for the prevention and treat-

ment of oral microbial diseases such as caries and

periodontitis [29].

Recently, CSA-13 has also been demonstrated to have

potential for treatment of Helicobacter pylori infections,

including those caused by the clarithromycin- and/or met-

ronidazole-resistant strains [30]. This study showed that

CSA-13, contrary to linear peptides LL-37 and WLBU2,

maintained strong bactericidal activity under harsh condi-

tions such as the presence of mucin and after preincubation

with pepsin at low pH. These conditions represent unique

challenges related to H. pylori treatment, as these bacteria

that inhabit the stomach are protected from the acidic

environment by a thick mucus layer, and the effectiveness

of many antimicrobial drugs is greatly diminished at acidic

pH [31].

Eczema vaccinatum is a potentially fatal, disseminated

viral skin infection that develops in individuals with atopic

dermatitis after exposure to the vaccinia virus (VV). In

another study, CSA-13 exhibited a potent antiviral activity

by preferentially targeting and inactivating VV directly and

by inducing AMPs with known antiviral activity against

VV. In addition, topical administration of CSA-13 resulted

in a significant reduction of the development of satellite

lesions, making this synthetic agent a candidate for the

treatment of disseminated viral skin infections [32].

Synthetic mimics of antimicrobial peptides

Although several approaches (e.g., D-aminoacids incorpo-

ration, cyclization etc.) can solve some relatively simple

problems such as stability to blood proteases, more difficult

issues may be represented by the expense of the materials,

systemic toxicity and limited tissue distribution of modified

AMPs.

To overcome this hurdle, a synthetic approach was

attempted, consisting of transferring the structural and

biological properties of AMPs into the framework of inex-

pensive oligomers. An active program for the de novo design

of synthetic mimics of antimicrobial peptides (SMAMPs)

from inexpensive synthetic oligomers was carried out in

several steps. First, a three-dimensional backbone was

defined, using molecular dynamics and quantum force field

calculations. Second, side groups were added computation-

ally to maximize diversity and maintain drug-like properties.

The best combinations of functional groups were then

computationally selected to produce a cationic, amphiphilic

structure resulting in two families of compounds: oligomers

containing alternating 1,3-phenylene diamine units con-

nected by a isophthalic acid and facially amphiphilic

arylamide oligomers that utilized hydrogen bonding to pro-

duce conformationally stiff backbones (Fig. 4) [33, 34].

Representative compounds were synthesized from these

libraries, and their activity was optimized by increasing the

rigidity of the backbone through hydrogen bonding and/or

by introducing new substituents. This effort has led to the

identification of a class of SMAMPs that possesses effi-

cacy, safety and pharmaceutical qualities suitable for

development as intravenous antibiotics [35].

The first compound in this series to undergo clinical

evaluation was PMX-30063, currently being developed by

Polymedix for the broad treatment of Staphylococcus

Fig. 4 Representative SMAMP based on arylamide (a) and pheny-

lene ethynylene oligomers (b)
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(MRSA) infections. Phase I clinical results showed that it

was possible to safely administer PMX-30063 without any

serious side effects at single or multiple doses that excee-

ded those associated with full efficacy in animal models of

infection. PMX-30063 has been shown to be effective in a

variety of rat and mice models, including the thigh burden

model, sepsis model and granuloma pouch model. Com-

pared to vancomycin, PMX-30063 showed comparable to

greater efficacy. The first application of PMX-30063 is

planned to be an injectable formulation for broad use

against Staphylococcus infections (pan-Staph—many

forms of Staph, not simply MRSA). The clinical indica-

tions for this include skin and soft tissue structure

infections, respiratory tract infections, urinary tract infec-

tions and complicated abdominal infections, including

gynecological ones. Polymedix is also developing PMX-

30063 and other related compounds for a larger panel of

indications ranging from ocular infections and gastroin-

testinal infections, such as those caused by Clostridium

difficile and Shigella, to fungal infections, tuberculosis and

malaria, and also for the development of antimicrobial

polymers for use in medical devices (source: company

website, www.polymedix.com).

SMAMPs obtained by ring-opening metathesis poly-

merization (ROMP) have also received significant attention.

In this case, poly-norbornene derivatives with facially

amphiphilic repeat units have been prepared (Fig. 5),

gradually varying the repeat unit and checking how different

kinds of structural modifications, such as hydrophobicity,

molecular weight and charge, impacted on the antibacterial

and hemolytic activities of these polymers [36, 37]. ‘‘ROMP

was chosen as a synthetic platform because it is a living

polymerization technique, it yields molecules with low

polydispersity over a wide range of molecular weights, and

it is highly functional group tolerant,’’ wrote Gregory Tew

and Karen Lienkamp in a recent review on the topic

[37]. The membrane-disruptive properties of many ROMP-

derived SMAMPs have been demonstrated, molecules

whose biological activity ranged from inactive/non-

hemolytic through active/non-hemolytic to active/toxic,

depending on the modulation of structural parameters.

Last but not least, concerning SMAMPs, the Norwegian

pharmaceutical company Lytix Biopharma AS has recently

announced regulatory approval by Swedish authorities

to commence Phase I/IIa clinical trials with Lytixar
TM

(LTX-109) for nasal decolonization of MRSA (www.

lytixbiopharma.com). LTX-109 belongs to a group of

extremely short (tripeptide) and stable synthetic antimi-

crobial peptidomimetics containing a modified tryptophan

derivate as lipophilic bulk, which displayed a combination

of high antibacterial activity against methicillin-resistant

staphylococci and staphylococcal biofilms with low toxic-

ity against human erythrocytes [38, 39].

Synthetic lipidated peptides

Anti-infective lipopeptides make up a large family of bac-

terial compounds that are primarily synthesized via non-

ribosomal biosynthetic pathways and comprise a peptidyl

portion conjugated to a fatty acid to form an acylated

peptide. This class includes both cationic and anionic pep-

tidic molecules with different spectra of activity, generally

constrained by cyclization, such as polymyxins (polymyxin

B and colistin), lipopeptaibols, echinocandin, laspartomy-

cin, daptomycin (marketed under the trade name CUBICIN

by Cubist Pharmaceuticals, www.cubist.com), and many

others [8].

Several studies have revealed that mimicking of natural

lipopeptide antibiotics by the attachment of an aliphatic

chain to the N-terminus of native or designed short pep-

tides can result in an enhancement of their antimicrobial

activity [8, 40]. Therefore, the combination of an otherwise

scarcely active peptidyl scaffold and a suitable N-terminal

fatty acid chain represents a potentially winning approach

to the development of potent antimicrobial agents, whereby

spectra of activity may be modulated via modification of

the N-terminal substituent [41].

The team led by Yechiel Shai recently reported a new

family of ultra-short (4-mer) cationic lipopeptides active in

vivo against fungi: C16-KAAK, C16-KLLK, C14-KLLK,

C16-KKKK and C12-KLLK (amino acids in bold type are

D-enantiomers) [41]. Mode-of-action studies supported a

membranolytic or a detergent-like effect. The most effi-

cient peptide C16-KAAK was tested further using an

invasive pulmonary aspergillosis (IPA) animal model of

infection and was found to significantly prolong the life of

the treated animals with low toxicity effects and no damage

to the treated lung tissues, offering a more efficient treat-

ment toward the current standard antifungal therapy with

amphotericin B [42].

Another report described the solid phase synthesis, char-

acterization, microbiological and toxicological evaluation of

a library of ultra-short antimicrobial lipopeptides based on

the Orn-Orn-Trp-Trp tetrapeptide motif conjugated with

saturated fatty acids, which have inherent antimicrobial

activity. The study indicates that the modification of the

tetrapeptide amide H-Orn-Orn-Trp-Trp-NH2 with N-acyl

substituents (Fig. 6) increased the antimicrobial potency

resulting in a panel of compounds that exhibit excellent,

broad-spectrum antimicrobial activity against a number of

bacteria and fungi, including multidrug-resistant microor-

ganisms in both planktonic and sessile (biofilm) cultures [43].

Peptoids

Another simple but effective approach to mimicking

cationic AMPs is the construction of peptoids. These are
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Fig. 5 Library of ROMP-based SMAMP polymers. Two synthetic

platform were devised, one based on norbornene-imide derivatives

(a), the other on norbornene-ester derivatives (b). The parent series is

marked in red and underwent hydrophobic modification (green),

hydrophilic or charge-related variations (blue), or counterion

exchange (light green). One SMAMP was modified with guanidinium

groups (grey). Reproduced from [37], with permission
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poly-N-substituted glycines in which side chains are

attached to the backbone amide nitrogen rather than to the

a-carbon [44]. Formally, these protease-resistant com-

pounds are an example of the so-called ‘foldamers,’

‘‘unnatural oligomers with the ability to display discrete

folding properties, hence mimicking as well as comple-

menting the behaviors known from biopolymers’’ [45].

Selecting building blocks from an ad hoc constructed

library of peptoid monomers tuned for hydrophobicity and

side-chain charge (Fig. 7), Annelise Barron and her team

have synthesized peptoid oligomers with helical structures

and biomimetic sequences [46]. These peptoids, or ‘amp-

etoids,’ proved to have antimicrobial and hemolytic

activities comparable to that of cationic AMPs, such as

pexiganan, and extensive structure-activity characterization

showed that in both AMP and ampetoids antimicrobial-

hemolytic selectivity is modulated by the interplay among

hydrophobicity, cationic charge and amphipathic design,

which reinforces the idea that ampetoids function via a

mechanism similar to that of AMPs. ‘‘Peptoids have greater

potential than peptides to be used as pharmaceuticals and in

biomaterials because of their improved stability, bioavail-

ability, and highly tunable side-chain chemistry,’’

concluded the researchers [46].

More recently, Barron and colleagues used soft X-ray

tomography to image changes in the subcellular organization

of Candida albicans treated with two antifungal peptoids

[47]. Peptoid treatment suppressed phenotypic switching of

Candida—a process that leads to the formation of the path-

ogenic, invasive form that causes candidiasis—and resulted

in striking changes in cell and organelle morphology [47]. In

particular, with respect to control cells, stress response to

peptoid treatment was visualized as clear differences in the

nucleus and nucleolus, and in the number, size and location

of lipidic bodies, with peptoid treatment causing the inclu-

sion of lipidic bodies into the nucleus. Besides pointing to the

potential usefulness of peptoids as antifungal agents, these

results suggest that, similarly to AMPs, also peptoids may not

only work as membrane disruptors, but may also have both

intracellular and intranuclear effects.

Hybrid structures of a-amino acids and peptoids have also

received wide attention for a number of possible applications,

including as antimicrobial therapeutics [45]. In a recent

advance along this trail, Trine Ryge and colleagues tested 20

de novo designed amphiphilic lysine-peptoid hybrids against

a selection of clinically relevant gram-positive/-negative

bacteria and fungi, including methicillin-resistant S. aureus

and amphotericin-B-resistant C. albicans, finding good

activity levels against most strains tested, with the most

active compounds that displayed minimal inhibitory con-

centrations ranging from B1.6–6.25 lM [48].

Random-sequence copolymers

Moving from previous studies of the antibacterial properties

of helix-forming foldamers, b-peptides and a/b-peptides

Fig. 6 Structure of an

antimicrobial synthetic

lipopeptide with the sequence

C12-Orn-Orn-Trp-Trp-NH2

Fig. 7 N-Substituted glycine

monomers used for the

construction of helical peptoids

(ampetoids) in the laboratory of

Annelise Barron [46].

a N-(2-carboxyethyl) glycine;

b N-(4-aminobutyl) glycine;

c (S)-N-(1-phenylethyl) glycine;

d (S)-N-(1-naphthylethyl)

glycine; e (S)-N-(1-

methylbutyl) glycine;

f (S)-N-(sec-butyl) glycine;

g (R)-N-(1-phenylethyl)

glycine; h N-(methylimidazole)

glycine. From [61]
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[49, 50], Samuel Gellman later investigated those of flexible

sequence-random polymers containing cationic and lipo-

philic subunits, such as amphiphilic nylon-3 copolymers

generated via ring-opening polymerization of b-lactams,

that act as functional mimics of host-defense peptides [51,

52]. The rationale behind this design lies in the hypothesis

that rather than trying to reproduce the regular conformation

of helical AMPs due to the segregation of cationic and

lipophilic side chains in the folded state, with cationic

groups arrayed along one side of the helix and lipophilic

groups arrayed along the other, oligomers or polymers

functionally-mimicking AMPs could be constructed that

tend to adopt a globally amphiphilic but conformationally

irregular structure at an interfacial environment (Fig. 8).

Thus, amphiphilic random copolymers would avoid the

necessity of synthesizing sequence-specific oligomers, with

clear benefits on the associated costs and the possibility for

up-scaling the synthesis process. Should this design be

linked to a natural template, it might be recalled that

Guangshun Wang and colleagues have shown that an

analog of a fragment (17–32) of the human cathelicidin

LL-37 containing several D-amino acids folds into a

non-classical, non-a-helical 3D structure, a specific but

irregular conformation that is globally amphiphilic in the

presence of detergent micelles and retains antimicrobial

activity [53].

Following this concept, polymers prepared from two

types of b-lactams, bearing either cationic or lipophilic

moieties (Fig. 9), displayed a profile of antibacterial

activity and selectivity comparable to that of naturally

occurring AMPs, with similar structure-activity relation-

ships [54]. As for the mechanism by which ‘globally

amphiphilic’ copolymers disrupt biological membranes,

researchers suggested that a carpet-like mechanism, pos-

sibly involving the formation of variably sized toroidal

pores, is more likely to explain the high prokaryote versus

eukaryote selectivity manifested by some of their nylon-3

compounds [54], although no direct evidence was provided

to support these claims.

Non-membrane directed AMP mimetics

Although AMPs are generally considered to kill their

microbial targets through insertion and damage/permeabi-

lization of the cytoplasmic membranes of target cells,

multiple observations suggest that a number of defense

peptides may also interact with intracellular targets such as

DNA and RNA or protein synthesis/folding machinery,

presumably interfering with their metabolic functions and

thus leading to cell death [55–57]. Thus, it is not surprising

that the quest for synthetic mimics of AMP might have

generated compounds that do not act by perturbing the

membrane structure. The PEM molecules POL7001 and

POL7080 discussed above can be enrolled in this action-

based class. Another example is the ROMP-based SMAMP

poly guanidinium oxanorbornene (see Fig. 5). This

compound displayed antibacterial activity against both

gram-negative and gram-positive bacteria coupled to low

hemolytic activity, but did not disrupt membranes in

vesicle-dye leakage assays and fluorescence microscopy

Fig. 8 a Hypothesis explaining the activity of many host-defense

peptides, involving the adoption of a globally amphiphilic helical

conformation upon approach to a biomembrane surface; b alternative

hypothesis, involving the adoption of a globally amphiphilic irregular
conformation, which could explain the activity of a/b-peptides and

random-sequence copolymers. Reproduced and modified from [54],

with permission

Fig. 9 Monomers used for the synthesis of random-sequence nylon-3

copolymers in [54]. Polymers were prepared from two types of

b-lactams, some that led ultimately to cationic subunits—MM

(monomethyl) or DM (dimethyl)—and others that provided lipophilic

subunits—CP (cyclopentyl), CHx (cyclohexyl), CHp (cycloheptyl),

CO (cyclooctyl). All b-lactams were used as racemic mixtures.

Reproduced from [54], with permission
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experiments [58]. On the basis of this experimental evi-

dence, and since the guanidinium groups contained in this

SMAMP is also found in polyarginine and other cell-

penetrating peptides that are able to cross the membrane

and bind anionic targets such as RNA and DNA,

researchers believe intracellular targets may be responsible

for the antimicrobial properties of polyguanidino-oxa-

norbornenes, which, they believe, could represent a new

‘proteomimetic activity’ [58]. Such a conclusion seems to

be reinforced by the ability of similar polymers, with

various chain lengths, to traverse membranes [59].

Conclusions

Over the last decade, there has been considerable interest in

developing novel AMPs antibiotics, mainly because of

their broad range of activity and the low tendency to induce

antimicrobial resistance. However, despite extensive

efforts devoted by biotech companies, it has proven diffi-

cult to accomplish this goal, mainly because of poor drug-

like properties, such as limited bioavailability, an often

unspecific mechanism of action and severe systemic tox-

icity [60].

More recently, a number of peptidomimetic approaches

have identified potent and selective compounds that display

broad antimicrobial activities in vitro and in vivo against

resistant clinical isolates, coupled to chemical stability and

limited toxicity towards mammalian cells.

The synthetic flexibility of the small peptidomimetic

scaffolds allows fast structure modifications for rapid

iterative lead-optimization campaigns. Moreover, up-scal-

ing of the production of these molecules to the quantities

required for preclinical and clinical development, it is

likely (although not necessarily) swifter in terms of process

development and less costly when compared to standard

peptides. At this stage, it may be too soon to predict the

potential of this approach—also because several issues,

such as whether synthetic polymers can be utilized safely

to modulate immune systems, await to be evaluated—but

the results obtained to date suggest that many important

opportunities lie ahead for the design of synthetic oligo-

mers with AMP-like activity that could be beneficially

utilized in various antimicrobial fields, including new

antimicrobial materials or local and systemic treatment of

medical conditions associated with multi-drug resistant

pathogens.
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