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Membranes consisting of phospholipid bilayers are an essential constituent of

eukaryotic cells and their compartments. The alteration of their composition,

structure, and morphology plays an important role in modulating physiological

processes, such as transport of molecules, cell migration, or signaling, but it can also

lead to lethal effects. The three main classes of membrane-active peptides that are

responsible for inducing such alterations are cell-penetrating peptides (CPPs),

antimicrobial peptides (AMPs), and fusion peptides (FPs). These peptides are able to

interact with lipid bilayers in highly specific and tightly regulated manners. They can

either penetrate the membrane, inducing nondestructive, transient alterations, or

disrupt, permeabilize, or translocate through it, or induce membrane fusion by

generating attractive forces between two bilayers. Because of these properties,

membrane-active peptides have attracted the attention of the pharmaceutical

industry, and naturally occurring bioactive structures have been used as a platform

for synthetic modification and the development of artificial analogs with optimized

therapeutic properties to transport biologically active cargos or serve as novel

antimicrobial agents. In this review, we focus on synthetic membrane interacting

peptides with bioactivity comparable with their natural counterparts and describe

their mechanism of action.
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1 | INTRODUCTION

Lipid bilayers are key structural components of both prokaryotic and

eukaryotic cells. They not only represent the barrier separating cells

from the outside environment but also determine the internal com-

partmentalization of the cell itself. In eukaryotic cells, membranes of

organelles allow, for instance, protection of special cargos, such as

DNA, buildup of electrochemical gradients, and drive of endergonic

reactions, as well as separation of reactive intermediates from the

surrounding environment. Moreover, the membrane serves as an

anchoring moiety for the cytoskeleton building the structure of the

cell and accommodates cellular receptors, channels, and transporters

to facilitate communication and cargo exchange.

Although the stability, integrity, and composition of lipid bilayers

are substantial to maintain these functions, their alteration can lead to

perturbations of cellular processes or content leakage in both prokary-

otic and eukaryotic cells. On the other hand, the membrane composi-

tion is naturally changed to facilitate vesicular transport processes,

such as neurotransmitter release. Oftentimes, peptides capable of

specifically interacting with cellular membranes are key players inIlze L�ace, Elena R. Cotroneo, and Nils Hesselbarth contributed equally.
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these alterations.1 Prominent examples are fusion peptides, such as

soluble N-ethylmaleimide-sensitive factor attachment proteins

(SNAREs), antimicrobial peptides (AMPs), and cell-penetrating pep-

tides (CPPs; Figure 1).

CPPs are small, linear peptides able to cross the lipid bilayer while

transporting biologically active cargos. This property makes CPPs highly

attractive targets for the development of artificial analogs as tools for

drug delivery. A vast library of natural compounds is already available

and continuously growing, with new CPPs being discovered.2,3 Because

of low activity or high toxicity of the natural compounds, though, new,

synthetic molecules with similar abilities but improved characteristics

are getting developed.4,5 Despite the vast number of studies on the dif-

ferent internalization modes of CPPs, not all parameters influencing

their behavior are yet fully understood. Thus, the design of unnatural

CPPs is key to rationally investigate structure–activity relationships. A

large number of nonnatural compounds have thus been synthesized,

such as the chimeric transportan6 and his numerous derivatives, a

library of polyarginine peptides,7 and many more. The use of unnatural

amino acids, the combination with lipid chains, or the fusion of differ-

ent domains with cell-penetrating abilities are strategies that have been

employed to generate new and interesting compounds with higher

activity and improved characteristics regarding, for example, their toxic-

ity, compared with their natural analogs.

In contrast, AMPs are involved in the innate immune system of

multiple organisms, by acting against bacteria, fungi, and viruses.8

Because of their structural properties, they are capable of interacting

in a unique way with lipid bilayers. This allows them to disrupt, per-

meabilize, or translocate through both eukaryotic and prokaryotic cell

membranes. Their destructive interactions with pathogenic cells

became interesting for pharmaceutical industry as they bear the

potential of replacing classical antibiotics. Thus, artificial derivatives

with optimized properties are highly desired in both basic and applied

research.9,10 Different modifications have been carried out on natural

AMPs to generate more effective and potent analogs. Alteration of

the net charge,11 secondary structure,12 or stereochemistry13 of natu-

ral AMPs are just some of the modifications carried out in order to

generate a higher antimicrobial activity than the one expressed by

natural compounds.

Another important class of proteins that interact with the phos-

pholipid membrane is fusion peptides. These proteins can initiate and

regulate membrane fusion, which is the event where two different

lipid bilayers merge into one.14 In eukaryotic organisms, membrane

fusion is involved in several vital processes including neurotransmitter

release, gamete fusion, placenta formation, ocular lens formation, and

muscle differentiation and is regulated by fusion proteins.15,16 The

most prominent ones are SNARE proteins, which are predominantly

involved in vesicle fusion, including exocytosis as well as fusion of

vesicles with membrane-bound organelles.17,18 Several synthetic ana-

logs of these peptides have been developed that can mimic the func-

tion of fusion peptides by utilizing more easily modifiable structures.

Besides these three classes, a variety of other membrane-active

peptides with different abilities and structures exist. Peptides that can

alter membrane morphology, geometry, and composition have been

discovered and synthesized.19,20 Furthermore, fibrillogenic peptides

and protein-interacting peptides that exert their activity on the plasma

membrane are also being studied Ultimately, structural analogs such

as β-peptides or cyclic peptides have also gained attention as possible

targets for drug development, especially because of their resistance

against enzymatic metabolization.

Because of their versatile operating principles, membrane-

interacting peptides have been inspiring researchers to derive artificial

peptide and peptide-hybrid constructs harvesting the properties of

their natural analogs. In this manner, novel biologically active mole-

cules were developed to potentially serve as next-generation pharma-

ceuticals and as tool compounds for the in-depth study of membrane

composition, stability, and fusion. In this review, we will discuss the

different artificial peptide models that have been designed to mimic

the function of cell-penetrating, antimicrobial, and fusion peptides of

natural origin.

2 | CELL-PENETRATING PEPTIDES

CPPs are mainly small and cationic peptides consisting of 5–30 amino

acids that are able to move through the lipid bilayer. Because of their

ability to carry biologically active cargos, such as proteins,21,22 nucleic

F IGURE 1 Representation of membrane interaction of (a) fusion peptides, (b) antimicrobial peptides, and (c) cell-penetrating peptides
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acids,23 or nanoparticles24,25 across the membrane, they are also

referred to as protein transduction domains (PTDs). The first CPPs to

be discovered were the HIV-1 TAT protein in 198826 and penetratin

in 1994.27 These natural peptides captured the interest of scientists

because of their ability to transport hydrophilic compounds through

the plasma membrane, in a non-cell-specific but highly efficient man-

ner. The possibility to exploit this characteristic for therapeutic

approaches entailed a tremendous growth of the field, with many

more CPPs being discovered and researchers developing new model

peptides with similar behaviors. Moreover, CPPs have gained a signifi-

cant relevance in the biomedical and pharmaceutical fields because of

their extremely low cytotoxicity and have been employed either for

cellular delivery of molecules with therapeutic activity or as com-

pounds able to target intracellular structures such as the cytoskeleton

or chromosomes.23,28 Although CPPs able to cross prokaryotic mem-

branes are known,29,30 the vast majority of compounds belonging to

this class is used to vehiculate cargos into eukaryotic cells.

CPPs can be divided into different classes according to their

chemical structure, namely, hydrophobic, cationic, amphiphilic, and

membranotropic CPPs (see Figure 2). Hydrophobic CPPs are a small

class of compounds that exhibit an abundance of nonpolar amino

acids—such as alanine, phenylalanine, tryptophan, methionine, and

tyrosine—in their backbone, resulting in a low net charge (Figure 2).

Hydrophobic CPPs seem to be able to spontaneously penetrate the

membrane in a fully energy-independent mode, which makes them an

interesting class to study. Representatives of natural origin are not

vastly investigated,31,32 but chemically modified hydrophobic CPPs

have been synthesized and include stapled peptides,33 prenylated

peptides,34 and pepducins.35

In contrast, cationic CPPs are mainly arginine-,36 histidine-,37 or

lysine-rich38 peptides (Figure 2). Within these, histidine-rich CPPs are

a specialized class of compounds and are mainly used for the trans-

port of siRNA or DNA derivatives inside cells.39 Cationic CPPs include

natural exponents, such as the aforementioned TAT and penetratin,

as well as a large number of oligoarginines, that can be both of natural

and synthetic origin. Specifically, polyarginines are an interesting class

of compounds and have been thoroughly investigated because of

their highly efficient internalization and ability to deliver bioactive

molecules. Studies on polyarginine peptides of different lengths (R3 to

R12) were carried out in order to establish the optimal chain length

for internalization. Confocal microscopy analysis on live cells showed

that in order for arginine-rich peptides to be able to cross the plasma

membrane, they require at least six arginine residues, and increasing

this number promotes the internalization efficiency.40 Once the mini-

mal structure required for penetration was identified, arginine

sequences were then employed for the internalization in live cells of

various cargos, such as peptides, oligonucleotides, or nanoparticles

(vide infra).41–43

Amphiphilic CPPs are composed of both polar and nonpolar

amino acids (Figure 2). The resulting charge of the peptide can thus be

positive, neutral, or negative. Transportan is the primary example for

this class of CPPs. It is a synthetic 27-residue chimeric CPP in which

F IGURE 2 Helical diagrams displaying
the sequence of exemplary cationic,
amphiphilic, membranotropic, and
hydrophobic CPPs, with cationic amino

acids in pink, hydrophobic amino acids in
blue, and non-hydrophobic and non-
cationic residues in grey. The table shows
main examples of the CPP classes
including their amino acid sequence and
their natural or synthetic origin,
respectively.
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the first 12 residues derive from the neuropeptide galanin and are

then linked through a lysine to 14 residues derived from the peptide

toxin mastoparan.6 The newly formed peptide was named transportan

because of its ability to deliver cargo molecules, which were cova-

lently connected to the Lys10 residue, into the cell. Transportan has

been proven to carry small cargos through the membrane at low con-

centrations and low temperatures (4�C). This is particularly important

because it shows that the penetration mechanism of transportan does

not require a high cellular energy expenditure, but it is mostly a pas-

sive process. However, at high concentrations, the peptide shows

cytotoxicity because of pore formation and subsequent permeation.

Different modifications were introduced on the original molecule, in

order to simplify the structure while improving the activity and reduc-

ing the cytotoxic effects.44 The first derivative of transportan was

transportan-10 (TP10; Figure 2), a shortened version of the original

peptide with higher cellular translocation activity and lower toxicity.45

Following TP10, a large number of derivatives and structural analogs

were synthesized, which generated two new CPP series: PepFects46

and NickFects47 (Figure 2). Both series are derived from the stearyla-

tion of transportan, leading to a higher degree of cargo delivery into

the cell. Subsequently, different modifications were carried out, such

as substitution of lysine residues with nonnatural ornithines, or the

introduction of a phosphoryl group in the peptidic backbone.48 All

these alterations aimed to improve the general activity of transportan.

PepFects and NickFects indeed exhibit overall increased transport

activity and lower toxicity compared with parent transportan, making

them interesting new compounds for the vehiculation of biologically

active molecules into eukaryotic cells. These characteristics are mainly

due to non-covalent interactions with their cargos, which induce

nanoparticle formation. This delivery system allows for an easier

release of the active molecules once the target site is reached, in con-

trast to covalent-bound cargos.

Membranotropic CPPs are a class of compounds that also exhibit

amphiphilic characteristics. Nevertheless, the primary attribute that

distinguishes peptides belonging to this class is the presence of both

large aromatic residues and small residues in their sequence. In gen-

eral, membranotropic CPPs have a high abundance of alanine and gly-

cine residues in their backbone, which allow flexibility in the strands.

On the other hand, the hydrophobic, aromatic residues determine a

favorable interaction with the membrane. The primary exponent of

this class of compounds is the gH625 peptide, derived from the glyco-

protein H of the herpes simplex virus type I.49 The peptide is consti-

tuted of a sequence of 20 residues and has a membrane-perturbing

domain rich in hydrophobic amino acids including alanine, glycine, and

leucine, as well as aromatic residues such as tyrosine and

tryphtopan.50

In order for CPPs to exert their primary activity in vivo, they first

need to reach their site of action on the plasma membrane. Interac-

tions between CPPs and serum proteins can affect their ability to pen-

etrate the lipid bilayer and thus carry cargos into cells.51,52

Specifically, studies have been carried out on the influence of serum

proteins on the internalization of arginine-rich CPPs, showing that the

cellular uptake of peptides such as R4, R8, R12, and R16 is

significantly lowered in serum compared with aqueous media without

serum proteins. The longer peptides, R12 and R16, have shown the

most significant decrease in internalization, which has been linked

with their higher binding affinity with serum proteins.53 Despite the

negative impact that serum can have on their availability, CPPs have

been shown to also benefit from the binding to serum proteins by

elongating their circulation half-life.54

Once they have reached the plasma membrane, CPPs are crossing

the lipid bilayer to transport their bioactive cargos to their cellular tar-

gets. The mechanism of internalization they follow differs strongly

between various representatives and is independent from the struc-

tural motifs they are based on. Thus, one of the most crucial aspects

in the design and development of CPPs is to understand and study

the mode of action of these compounds. Up to now, several internali-

zation modes have been identified; however, it is still unclear which

parameters in CPPs determine which mode they will access. Although

CPPs are usually classified by their structural characteristics, the dif-

ferent classes are not linked to a class-specific penetration mecha-

nism. On the contrary, structurally similar CPPs sometimes follow

significantly different penetrating pathways. Generally, the behavior

of CPPs appears to depend on various factors, including both intrinsic

characteristics of the peptide and experimental parameters, such as

peptide concentration or targeted cell type. For these reasons, the

same molecule can undergo different internalization processes, under

different conditions. The two most common ways of internalization

for CPPs are direct penetration55 and endocytosis56 (Figure 3). In the

following sections, we will discuss the three different internalization

pathways using suitable examples from various classes of CPPs. Even-

tually, a deeper understanding of these mechanisms could lead to the

development of useful tools to control the function of CPPs by

design.

2.1 | Direct penetration

Direct penetration is one of the main mechanisms that CPPs use to

cross the plasma membrane. This pathway is especially undertaken by

positively charged CPPs. These molecules interact with the negatively

charged cell surface, causing membrane destabilization and alteration

and, ultimately, entry of the CPP. This process of internalization is an

energy-independent one; therefore, it does not require the system to

spend energy to promote it.

Direct penetration of CPPs is known to be correlated with mem-

brane potential.57,58 The charge imbalance between the inside and

outside of the cell membrane can promote internalization of CPPs.

The membrane potential can be additionally altered by cationic CPPs

adsorbing on the membrane. This can eventually induce pore forma-

tion and thus increase CPP penetration.59 Internalization through

direct penetration can follow different pathways, such as pore

formation,60 the carpet-like model,61 and transduction via inverted

micelles (Figure 4).62 The mechanisms that CPPs use for direct pene-

tration are correlated with the ones that AMPs use to denature the

plasma membrane (vide infra). The main difference between these
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two scenarios—penetration versus denaturation—is the concentration

of the peptides to which the membrane is exposed to. For CPPs, it is

very important to modulate the concentration to prevent toxic

effects. Another strong difference between CPPs and AMPs is the

type of membranes they are employed to interact with. Whereas

CPPs are mainly studied for penetration of eukaryotic cells, AMPs are

useful tools for the denaturation of prokaryotic cell membranes.

Pore formation is a well-described mechanism of internalization

exhibited by a vast number of CPPs from different classes. Pep-1, for

instance, is a 21-residue chimeric peptide that can cross the plasma

membrane through formation of pore-like structures.63 Generally, the

mechanism of pore formation can proceed by following either the bar-

rel stave model or the toroidal pore model. Both pathways are

observed in amphipathic CPPs. In the first system, CPPs initially reach

the membrane surface as monomers or oligomers. They then start

assembling to form bigger complexes. Once the full bundle is formed,

it inserts in the lipid bilayer and increases in size because of the

recruitment of additional monomers. An example of a natural CPP

that follows this pattern is alamethicin,64 which forms a barrel stave

pore with eight helices (Figure 4). In the final state of the pore, the

peptides are aligned so that the hydrophobic residues are facing

toward the lipid chains of the membrane, whereas the hydrophilic res-

idues are lining along the internal pore forming a hydrophilic pocket.

In the toroidal pore model, the CPPs initially reach the membrane sur-

face and orient themselves parallel to it, in an inactive state. When

the local ratio between peptide and lipid concentration is high enough,

the pore is formed. In contrast to the barrel state model, both pep-

tides and lipids rearrange, so that the positively charged heads of the

phospholipids and the peptidic chains of the CPPs are actively lining

the borders of the pore. Toroidal pores are generally larger in diameter

F IGURE 3 Representation of (a) direct penetration and (b) endocytosis mechanisms for CPPs internalization

F IGURE 4 Different direct penetration pathways. (a) Barrel stave model—pore formation delimited by the peptidic strands of CPPs;
(b) toroidal pore model—formation of a pore delimited by peptide strands and phospholipids; (c) carpet-like model—a locally high concentration of
peptides induces destabilization of the membrane, formation of a transient hole, and subsequent formation of a micelle that delivers the CPPs
inside the cell; (d) inverted micelles model—the reorganization of the membrane leads to the formation of a micelle in which the polar heads of
the phospholipids are on the inside, surrounding the peptides.
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compared with the barrel stave ones because of the active participa-

tion of membrane lipids in the structure of the pores, and they have

been observed more often.65,66

The carpet-like model is an internalization process mainly known

for AMPs (vide infra).67 This pathway is also used by CPPs, although it

might result in cytotoxic effects at high peptide concentrations,

because of breakage of the membrane. When following this internali-

zation pathway, CPPs initially lie parallelly aligned on the membrane

surface. The carpeting effect, determined by the peptides covering

the lipid bilayer, is induced by an increase in local concentration of the

peptide. Once the threshold concentration is reached, the active inter-

nalization process starts.68 Rotation of the peptides toward the inside

of the membrane leads to a destabilization and reorganization of the

latter, with the subsequent formation of a micelle and of a transient

hole allowing the peptides to cross the membrane (Figure 4).61

Although the mechanism is similar to the one of pore formation, there

are a few key differences. In the carpet-like model, the membrane-

bound peptide monomers do not need to co-assemble into a complex

macromolecular structure to start the internalization. The process is

also less structure-specific, so different CPPs are able to penetrate

through the plasma membrane via this pathway.

Inverted micelles are another internalization strategy utilized by

CPPs to penetrate inside the cell.69 The proposed mechanism for this

process suggests that in the first step, the positively charged residues

of the peptide interact with the negatively charged membrane. Subse-

quently, CPPs, especially such that exhibit hydrophobic amino acids in

their sequence, will interact with the lipid bilayer and facilitate a struc-

tural re-organization of the latter: After the membrane curvature is

altered, an invagination of the membrane occurs and inverted micelles

are formed within the lipid bilayer (Figure 4).70 The micelles then

reach the cytosol and are destabilized because of the change of envi-

ronment leading to release of the CPPs and the cargo they were

loaded with. Despite the lack of hydrophobic residues in their struc-

tures, also CPPs such as TAT peptide and octaarginine can follow this

mechanism of internalization.71

Not all CPPs selectively follow just a single pathway to cross the

cell membrane. For instance, the internalization process of arginine-

rich CPPs is still under debate. Initially, it was hypothesized that they

cross exclusively via direct penetration. This has been proven to be an

artifact caused by fixation of cells with methanol during analysis,

which led to membrane disruption.72 More recent studies have shown

that arginine-rich CPPs mainly undergo internalization through endo-

cytosis (vide infra). Although endocytosis appears to be the main pen-

etration pathway, the presence of arginine-rich peptides in the

cytosol and the nucleus has still been observed in cells at 4�C. These

findings, correlated with the diffused distribution inside the cell, point

to the capability of arginine-rich peptides to also pass through the

plasma membrane via direct penetration.53 Interestingly, the equilib-

rium between the two pathways is shifted depending on various

parameters, including the type of peptide and its concentration,73 size

and features of the cargo,74 and membrane composition.75 Moreover,

it was also shown that the direct internalization of arginine-rich pep-

tides is promoted by co-administering them with adjuvating

molecules, such as peptides that are able to alter the density of the

lipid phase of the plasma membrane.76

Another important aspect affecting the internalization pathway,

especially regarding transportan and its derivatives and arginine-rich

CPPs, is the lipid phase composition of the cell membrane, and in par-

ticular the amount of cholesterol.77,78 In the case of transportan, it

has been observed that high levels of cholesterol lead to a greater

degree of rigidity of the membrane and thus inhibit the ability of the

peptide to cross the lipid bilayer.79 On the other hand, studies have

proven that sequestering cholesterol from the membrane can pro-

mote the internalization of arginine-rich peptides via endocytosis (vide

infra) while inhibiting their direct penetration.73

Besides the three aforementioned types of direct penetration,

other entry pathways have been observed in synthetic models. For

instance, KYp is a synthetically modified anticancer peptide that is

able to permeate through the plasma membrane because of a unique

mechanism. The phosphorylation of the peptide strand determines its

interaction with the membrane-abundant alkalyne phosphatase (ALP).

The dephosphorylation of KYp by the enzyme induces self-assembly

of the peptidic strands, which subsequently determines phase change

and therefore membrane leakage and internalization of the peptide.80

2.2 | Endocytosis

2.2.1 | Endocytosis pathways

Endocytosis is an energy-dependent mechanism that represents the

most common pathway of internalization for a wide range of macro-

molecules. These are transported from the extracellular space to the

cytosol in vesicles or vacuoles, which are formed from invaginations

of the membrane.81 Once the vesicles or vacuoles have reached the

cytosol, the molecules carried inside need to be released via endoso-

mal escape (vide infra) in order to reach their intracellular targets. The

endocytic process can be divided into two main categories, namely,

phagocytosis and pinocytosis. The first one refers to the transport of

large molecules and is limited to specialized cells, whereas the second

one involves the transport of fluids and small solutes and is performed

by all cells. Pinocytosis can occur following different mechanisms,

including macropinocytosis, clathrin-mediated endocytosis, caveolae-

mediated endocytosis, and clathrin- and caveolae-independent endo-

cytosis (Figure 5). Which pathway the CPPs follow depends on intrin-

sic characteristics of both the peptides and the cells.82–84 In the

following paragraphs, we will highlight selected illustrative examples

of each one of them.

Macropinocytosis is a rapid process that occurs at membrane

sites rich in lipid rafts. Although numerous enzymes can assist in the

process, macropinocytosis mainly depends on the interaction of actin

and the plasma membrane, which results in the formation of lipid

rafts.85 Many CPPs, such as TAT86 and short arginine-rich

peptides,84,87 are internalized via this mechanism. Studies have shown

that this internalization pathway is induced by the peptides interacting

with specific parts of the membrane on the outside of eukaryotic cells
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and eventually transmitting a signal to the actin filaments of the cyto-

skeleton on the inside face of the plasma membrane. Tubulating pro-

trusions are then formed by the actin filaments on the outside face of

the membrane, which then collapse back on the membrane surface

forming endocytic vesicles called macropinosomes (see Figure 5).

Many short arginine-rich CPPs have been shown to be internalized via

macropinocytosis. The uptake of the oligoarginine, for instance, is cor-

related to a rearrangement of actin filaments in the cytoskeleton, and

its cellular internalization can be suppressed by macropinocytosis

inhibitors.88 The internalization of R12, on the other hand, is directly

correlated to the presence of CXCR4, a chemokine receptor able to

promote macropinocytosis.87 Not only oligoarginine-based CPPs use

macropinocytosis as an internalization pathway but also other classes

of CPPs such as transportan derivatives. NF1, a synthetic anionic CPP

belonging to the NickFect family, showed uptake via macropinocyto-

sis as its only transfection pathway. NF51, another representant of

the same family, is able to penetrate the plasma membrane through

macropinocytosis as well as through other endocytic pathways.89

An additional pathway that CPPs use to penetrate through the

plasma membrane is clathrin-mediated endocytosis. Clathrin is a mem-

brane protein involved in the coating and shaping of spherical vesicles

responsible for intracellular transport. This tightly regulated and com-

plex endocytic mechanism is well characterized and accessible to a

wide range of CPPs, including oligoarginines, TAT peptides, and

anionic CPPs. The clathrin-mediated endocytosis is initiated by a

ligand interacting with a specific membrane receptor. Subsequently,

clathrins are recruited in that area of the membrane, followed by the

formation of the coated endocytic vesicles and their loading with the

extracellular cargo. Once the vesicles are formed, they move toward

the inside of the cell where they fuse with endosomes, terminating

the process (Figure 5). Clathrins are crucially involved in every step

and are ultimately recycled once the vesicles fuse with the endo-

somes. A CPP following clathrin-mediated endocytosis is, for instance,

R8.90 The process is mediated through the interaction of the oligoargi-

nine strand with the syndecan-4 receptor, which is also involved in

macropinocytotic processes.84 As per anionic CPPs that can follow

clathrin-mediated endocytosis, NF51 from the NickFect family of

transportan derivatives can be transfected inside cells through this

pathway, among others.89

Caveolae are large invaginations on the membrane surface, rich in

cholesterol and sphingolipids. For this reason, they have also been

called lipid rafts. This local concentration of lipids in specific areas of

the membrane is induced by caveolin proteins, which confer the shape

and structure of the caveolae. This endocytic process appears to be

directly connected to the activity of actin filaments in the cytoskeleton

(Figure 5). Different studies suggest that the caveolae-mediated inter-

nalization of CPPs is determined by the size and nature of the attached

cargos. For instance, TAT peptide has been shown to undergo

caveolae-dependent endocytosis, but only when it is fused with larger

cargos such as proteins.91 Similarly, transportan and TP10 uptake has

been shown to follow caveolae-mediated endocytosis, when the CPPs

are linked to cargos of considerable size.92 Also, PepFect14, a

F IGURE 5 Different pinocytosis pathways. (a) Macropinocytosis; (b) clathrin-mediated endocytosis; (c) caveolae-mediated endocytosis;
(d) clathrin- and caveolae-independent endocytosis
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synthetic anionic derivative of transportan, has been shown to be

internalized through the same endocytic pathway. This seems to be

consistent with the notion that the major determinant for CPPs to fol-

low this internalization mechanism is the size of the cargo.93

The fourth known mechanism for pinocytosis, clathrin- and

caveolae-independent endocytosis (Figure 5), is an internalization

method that, for CPPs, has been rarely observed. Two examples are

the internalizations of transportan and TP10. These two CPPs can

undergo uptake through caveosomes, but another internalization pro-

cess possibly involving flotillins has also been postulated.92 The most

recent example of a CPP being internalized through pinocytosis is

LMWP, a synthetic CPP covalently conjugated to siRNA that mediates

its transport into cells.94

2.2.2 | Endosomal escape

The final step of the endocytic process, independent from the mecha-

nism the CPPs are using to enter the cell, is the endosomal escape.95

Once CPPs have passed the plasma membrane, they tend to accumu-

late in so-called endosomes. There, they could be trapped and subse-

quently metabolized, without reaching the cytosol, in which their

cargos would exert their biological functions.96 Proton sponge

effect,97 pore formation,98 membrane disruption,99 and membrane

budding100 are the mechanisms that can determine endosomal escape

of CPPs, among others (Figure 6).

As endosomal escape appears to be the limiting step for the inter-

nalization of CPPs via endocytosis, several systems have been tested

to facilitate this process. The endosomal lumen has a significantly

lower pH than the cytosol (pH 5 vs. �pH 7). Therefore, multiple strat-

egies that exploit this specific characteristic have been developed.

One example is a histidine-tagged variant of listeriolysin O, which was

modified at position 311 by substitution of a histidine with an alanine

residue. This modification results in a pH-dependent threshold for the

pore formation activity of this peptide so that pore formation can only

take place at pH < 6.98 Pores are therefore only formed in the endoso-

mal membrane and not yet in the plasma membrane. Another example

of pH-dependent activity to induce endosomal escape is the rational

design of Glu-based membrane lytic CPPs derived from the natural

ponericin W3 and melittin peptides.101 In this case, the introduction

of glutamic acid residues determines a decrease in hydrophilicity of

the peptides at low pH and therefore manifestation of lytic activity

toward the endosomal membrane. A similar strategy had been already

tested, with a modification of the natural venom peptide Mastoparan

X. This time, the strand was modified both by substitution of a methio-

nine residue with a norleucine and with the addition to the N-terminus

of three Glu residues. This determined selective membrane lytic activ-

ity toward endosomal membranes and not cellular ones.102

All the aforementioned endocytic processes can easily determine

the internalization of larger cargos, such as proteins or siRNAs. The

appealing possibility of vehiculating big biomolecules inside the cell

opened up a vast research field on synthetic peptides that could either

undergo endocytosis themselves, promote the endocytic process for

other peptides,103 or induce endosomal escape.104

3 | ANTIMICROBIAL PEPTIDES

AMPs are typically small oligopeptides with less than 50 amino

acids.105 Because of their role in the innate immune response, they

are often referred to as host defense peptides (HDPs).106,107 Depend-

ing on their secondary structure, AMPs can be categorized into three

different groups: α-helical, β-sheet, and extended peptides. The major-

ity of AMPs belong to the first two groups.108,109 They typically con-

sist of basic amino acids and hydrophobic residues and form unique

secondary structures. In particular, they are at the same time water

soluble, positively charged, and hydrophobic. This combination of

properties is called amphipathic and allows AMPs to interact in a spe-

cific way with cell membranes, leading to their capability of killing bac-

terial and mammalian cells.

F IGURE 6 Endosomal escape mechanisms—(a) proton sponge effect; (b) pore formation; (c) membrane disruption; (d) membrane budding
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Consequently, AMPs are of high interest in pharmaceutical

research and bear the potential of replacing classical antibiotics.110 By

investigating their antimicrobial potency, some AMPs like the amidase

Pal were found to induce cell death of Streptococcus pneumonia within

seconds after initial contact with cell membranes,111 whereas others

are not directly affecting bacterial cell viability but are able to syner-

gize with antibiotics and enhance their efficiency.112 For instance, the

combination of the antibiotic penicillin G and various AMPs like ped-

iocin, nisin Z, or colistin lowered the minimum inhibitory concentra-

tion (MIC) by several magnitudes. Through this combination, originally

penicillin-resistant cells were susceptible to penicillin G again.113

These effects are ascribed to the specific interactions of the AMPs

with the cell membrane that assist permeation of the antibiotic agents

and therefore increase their efficiency.

Interactions of AMPs with membranes include disruption,114 trans-

location,115 and permeabilization.116 The first step in each of these

mechanisms is the adsorption of the AMP onto the outer membrane

surface. This causes a state of imbalance between the inner and outer

lipid layers to which the AMP is bound. This imbalance is thermody-

namically unfavored and results in a driving force to distribute the pep-

tides equally between the two monolayer leaflets. AMPs can realize this

process following two different pathways. The first possibility is

observed mostly for hydrophobic peptides, which can be partly incorpo-

rated into the lipid bilayer and form a thermodynamically stable inter-

mediate transmembrane state. In this case, the AMPs translocate across

the bilayer without causing a leakage of the cell interior (Figure 7).

The more renowned feature of many AMPs is their ability to dis-

rupt prokaryotic membranes through pore formation in the lipid

bilayer. When a critical peptide/lipid ratio is reached, hydrophilic

AMPs insert into the membrane, forming a porated lamellar phase

(poration) because of lipophobic interactions. These AMPs can

undergo three different disruptive mechanisms, namely, the barrel-

stave pore, the toroidal pore, and the carpet/detergent mechanism

(Figure 4). Independent from the pathway, all these disruptive interac-

tions lead to leakage of the cell interior ultimately causing cell

death.117,118

Also, peptides that are not disrupting the membrane are classified

as AMPs if they induce cell damage by acting on an intracellular tar-

get. Such derivatives were reported to impact both prokaryotic and

eukaryotic cells.119–121 For instance, the peptides can be translocated

across the membrane and subsequently inhibit intracellular processes,

such as DNA replication or interaction with adenosine 50-triphosphat

(ATP), by specific enzymes involved in the regulation of these

processes.122–124

3.1 | Possibilities to modify AMPs

Because of their versatility, many new AMPs were isolated and inves-

tigated, and structural analogs modifying certain properties have been

synthesized in recent years.124 To be able to interact with the mem-

brane, most AMPs are amphipathic, having a cationic and a hydropho-

bic face. Through electrostatic interaction with the negatively charged

bacterial cell membrane, initial contact of the AMP is ensured, which

can lead to the insertion into the membrane interior. Because of the

hydrophobic part, the AMP can embed further into the lipophilic part

of the membrane and disrupt or penetrate it (Figure 7). The same

mechanism can be found for interacting with the plasma membrane

and for affecting the cell walls of organelles, including the nucleus.125

Consequently, introducing synthetic modifications affecting the net

cationic charge of AMPs allows to change their antimicrobial and

hemolytic activities to, for instance, selectively kill microbes. The anti-

microbial activity is a measure for the potency of killing microbes,

whereas the hemolytic activity is a measure for killing red blood cells.

Therefore, a high antimicrobial and simultaneously low hemolytic

activity are crucial factors in AMPs, which are considered to be used

as antibiotic replacement. However, the two properties are often

related to similar structural motifs, and thus, chemical design of suit-

able peptides is still an unresolved challenge. For example, it was

found that raising the net charge of the AMP V13K (acetyl-

KWKSFLKTFKSAKKTVLHTALKAISS-amide; Figure 8), from +8 to +9

by exchanging a serine with a lysine residue resulted in a 32-fold

higher hemolytic activity. In contrast, lowering the net charge below

+4 by exchanging lysine with serine residues results in totally pre-

venting the hemolysis, but the antimicrobial activity against

P. aeruginosa was negligible.11

Another way to synthetically modify AMPs to improve their activ-

ity is to change the helicity of α-helices. In this manner, researchers

F IGURE 7 Peptides on the outside of the membrane can undergo aggregation prior to adsorption onto the outer membrane layer (a). If the
AMPs are hydrophobic enough, translocation will proceed without leakage and cell death (b). This way peptides distribute on both faces of the
plasma membrane (c).117
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modified the motif of the natural polypeptide toxin pardaxin

(GFFALIPKIISSPLFKTLLSAVGSALSSSGGQE; Figure 8). Compared with

the similar AMP melittin, pardaxin shows a higher antimicrobial but

lower hemolytic activity. The main difference between the two AMPs

lies in the charge of the C-terminal region, where melittin is positively

charged and pardaxin negatively. Adding a positive charge in the C-

terminal region of pardaxin by extending it with [NH(CH2)2NH2] not

only increased the helicity by stabilizing the helix dipole moment, but

also showed improved antimicrobial and higher hemolytic activities,

comparable with the properties of melittin. The findings suggested that

the higher activity arose from the 40% increased helicity compared

with natural pardaxin. Indeed, observation showed a general trend

when they synthesized various pardaxin-derived analogous and ami-

nated them at the C-terminus, which improved both the helicity by

25%–80% and the potency by 2–10 fold.12

To influence the helicity of the peptides, L-amino acids were

exchanged with their enantiomers in the sequence of the synthetic

AMP amphipathic-1L (LKLLKKLLKKLLKLL; Figure 8). Specifically,

exchange of five amino acids in different positions deactivated the

hemolytic effect completely. Importantly, the antimicrobial activity of

amphipathic-1L was preserved. With the exchange of five amino acids

(LKLLKKLLKKLLKLL; Figure 8), the α-helicity changed from 79% to

43%.126 Focusing on a similar strategy, another group showed that

replacing two amino acids at both termini of the sequence of KSLK

(KKVVFKVKFKK; Figure 8) with D-amino acids retained the antimi-

crobial potency while lowering the α-helicity by 43%. Furthermore,

replacing the central amino acid resulted in disrupting the α-helix and

switching off the antimicrobial effect. This allows to conclude that the

α-helix was a crucial part of the antimicrobial activity of AMPs, but

once formed, the grade of helicity does not have much impact.127

Others could prove that changing a single L-lysine in polybia-CP

(ILGTILGLLKSL; Figure 8) to the D-amino acid lowered the α-helicity

content by half (to 12.5%), retained the antimicrobial potency, and

reduced the hemolytic activity significantly.13

In contrast to lowering α-helicity, it was found that exchanging the

C-terminal acid group with an amide, in this context referred to as ami-

dation, in fact increases the α-helicity of the AMP aurein 2.6 and aurein

3.1 by 10%–40%.128 This represents an alternative modification in the

peptide sequence that typically has a major impact on the AMPs. This

was further investigated using the AMP PMAP-23 as an example. The

researchers found that the derivate had a different orientation inside

the membrane in comparison with the original PMAP-23. Additionally,

this alteration improved the cellular uptake of the compound by almost

10-fold, resulting in a faster interaction with the cell membrane and a

F IGURE 8 Helical diagrams and
detailed overview of main representatives
of AMPs classes. D-amino acids are
abbreviated with AAD.
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deeper incorporation into the membrane.129 Similar conclusions were

found by others while investigating the C-terminal amidation of the

AMP amurin-9KY (FLPFFAACAITRKC; Figure 8). As the natural

amurin-9KY could not show any lethality against bacterial cells at con-

centrations up to 2 mg/ml, the synthetically modified amurin-9KY1

with amidated C-terminus introduced the ability to kill various cells at

the same concentration. In addition, the hemolytic activity was reduced

by 26% compared with the natural amurin-9KY.130

Also, larger structural modifications can be used to impact the

antimicrobial activity of AMPs. In this context, lipidation refers to the

synthetic modification of AMPs by attaching fatty acids mostly to the

N-terminus or lysine residues. This modification is used to stabilize

the secondary structure of the peptides and promotes the association

with cell membranes. Furthermore, it leads to increased folding of

short peptides in general.131 Lipidation can enhance the antimicrobial

activity and the tolerance of AMPs against proteases by increasing

hydrophobicity. If the attached fatty acid is too long, however, the

bioactivity of the peptide decreases because of the reduction of the

α-helical content. There is a certain threshold for increasing α-helicity

and antimicrobial activity by raising the hydrophobicity of AMPs. Rais-

ing the hydrophobicity above the threshold resulted in decreasing bio-

activity, as the researchers showed with the AMP anoplin

(GLLKRIKTLL; Figure 8). They attached fatty acids (C4–C12) N-

terminally to anoplin and found increased microbial activity and

resistance against proteases. However, from C10 upward, the effects

started to diminish.132–134 Furthermore, with longer acyl chains, the

AMP becomes prone to self-assembly, which decreases the peptide–

membrane interaction. Also, the effect of lipidation on the short syn-

thetic AMP L6K6 (LKKLLKKLLKKL; Figure 8) was investigated. The

parental AMP had insufficient hydrophobicity and thus low bacteri-

cidal properties because of low membrane binding affinity. The

attachment of fatty acids (C10–C16) increased the hydrophobicity to a

point, where AMPs with 10–12 additional carbon atoms showed good

antimicrobial activity (four to eight fold higher). With 14–16 added

carbon atoms, however, the bactericidal effect dropped to the level of

the parental AMP. Circular dichroism spectroscopy revealed that the

reason for oligomerization of AMPs with longer fatty acid chains is

due to micellization of the hydrophobic alkyl chains.135

On the other hand, self-assembly can also be exploited to impact

antimicrobial potency positively. For instance, researchers synthesized

the AMP F2I-LL (Ac-LRLRFFDPGIIRLRL; Figure 8), which can self-

assemble into nanofibers at higher concentrations (16 μM) to eventu-

ally form a biocompatible hydrogel (Figure 9). The hydrogel showed

an improved antimicrobial activity of four to 10 times compared with

the same AMP in its monomeric form and exhibits a membrane-

disruptive mechanism. In addition, F2I-LL showed no hemolytic activ-

ity up to a concentration of 128 μM.136 Also, in the peptide WMR2PA

(NH2-WGIRRILKYGKRSAAAAAAK[C19]-CONH2), self-assembly has a

F IGURE 9 Pathway of the folding, self-assembly, and hydrogel formation of the AMP F2I-LL. The initial folding is induced by phosphate-
buffered saline (PBS). Self-assembly occurs above a concentration of 16 μM because of chemical complementarity and structural compatibility of
the peptide chain. Treating bacterial cells with the hydrogel leads to cell death through a membrane disruptive mechanism by forming pores and
resulting in cell leakage.136
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beneficial effect on its antimicrobial potency. WMR2PA is a synthetic

AMP that is derived from the natural peptide myxinidin and contains

six additional alanines, a lysine, and a lipidic tail (C19H38O2). The latter

enables the self-assembly of WMR2PA into nanofibers in aqueous

environment. In these, the lipidic tails form the core, whereas the bio-

logically active peptide part of the AMP faces outward. The authors

investigated the prevention and eradication of biofilm formation of

P. aeruginosa and C. albicans. They found that the self-assembled

WMR2PA was equally or less effective against biofilms of

P. aeruginosa compared with the monomeric analog WMR (NH2-

WGIRRILKYGKRS-CONH2). However, in biofilms of C. albicans, they

found higher potency of the self-assembled form. Further experi-

ments showed that the peptidic part of the construct could be short-

ened or modified to enhance the activity against biofilms of both

P. aeruginosa and C. albicans, whereas the lipidic tail and the thus

induced self-assembly were crucial for the biological activity and could

not be omitted. The researchers concluded that this could serve as a

designing tool for AMPs.137

A different modification is the attachment of polyethylene glycol

(PEG) to the peptide strand. It was shown that conjugating a PEG

chain to the N-terminus of the AMP CaLL

(KWKLFKKIFKRIVQRIKDFLR) results in an increased biocompatibility

while retaining membrane binding sites, but 50% decreased antimicro-

bial activity.138 Similar results were found by others when PEGylating

the C-terminus of various AMPs (aurein 2.1, 2.6, and 3.1). In this

example, both the bactericidal activity and the hemolytic activity were

reduced from 10% to 3% in the mentioned examples.139

AMPs can also be conjugated to organometallic agents (OMs).

These OM-AMP variations show increased antimicrobial activity. One

OM-AMP is the ruthenocene (Rc)-derived Rc-WRWRWR (Figure 8).

The peptide interacted differently with the bacterial membrane and

caused biophysical changes, such as lowering the binding affinity of

membrane-bound proteins like the vital enzyme MurG and cyto-

chrome c. Especially, the removal of MurG affected the antimicrobial

activity of the AMP as it prevents the formation of cell walls by inter-

fering in the transformations of lipid I to lipid II, as shown in Figure 10,

and thus made the bacteria more vulnerable to external molecules

penetrating the membrane.140

AMPs cannot only be structurally modified to increase their

potency toward bacterial cells but they can also be combined with

other molecules or targeting moieties to adjust for the type of target

cell. For example, conjugating AMPs to a histidine (HIS)-rich vector,

that is, GHHPH, resulted in a cancer cell-sensitive AMP. The AMP

used here was the short repetition unit of (RW)3 because it showed

good cytotoxic effects after intracellular delivery. The vector GHHPH

was derived from a plasma protein (histidine-rich glycoprotein HRGP),

which showed two ways of acquiring cationic charges: at pH values

below normal physiological condition the histidine would protonate

and the vector could chelate zinc ions. These capabilities are impor-

tant for targeting cancer cells because the microenvironment of a

solid tumor is acidic and shows increased concentrations of zinc ions.

In particular, the positive charge from this HIS vector can initiate elec-

trostatic interactions with glycosaminoglycans that are often overex-

pressed in cancer cell membranes. For this project, the targeting

vector and the cytotoxic peptide were linked by a cysteamine-

cysteine disulfide linker system.141

4 | MEMBRANE COMPOSITION/
MORPHOLOGY CHANGES INDUCED BY
PEPTIDE INTERACTIONS

Peptides, such as CPPs and AMPs (vide supra), interact with lipid bila-

yers in order to disrupt or penetrate them. In the previous sections,

F IGURE 10 Shown on the left is the normal pathway of constructing the cell wall. The lipids are transformed and transferred from MraY to
the next enzyme MurG and finally to FemXAB, till the cell wall is constructed in the end. With the attachment to the membrane and the
interference of the OM-AMP, the MurG enzyme is removed from the membrane and the transformation of the lipid I ! II is inhibited. This results
in the accumulation of only lipid I, which ultimately prevents new cell wall formation.140
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we discussed the different pathways and mechanisms of these pep-

tides to interact with cell membranes. In contrast, in this chapter, we

will focus on the consequences of peptide-lipid interaction for the

composition and morphology of the cell membrane.

One parameter that is affected as a result of the interaction

between peptides and a cell membrane is the fluidity of the mem-

brane. This phenomenon was discovered while investigating the dif-

ferent ways of membrane perturbation of the three AMPs TC19

(LRCMCIKWWSGKHPK), TC84 (LRAMCIKWWSGKHPK), and BP2

(GKWKLFKKAFKKFLKILAC). They measured changes in the mem-

brane fluidity through fluorescence spectroscopy and the usage of

laurdan (6-dodecanoyl-N,N-dimethyl-2-naphthylamine), a fluorescent

probe sensitive to membrane phase transitions. The otherwise rigid

membrane showed domains, in which the fluidity was significantly

increased.142 These domains mainly differ in their lipid phase (liquid-

ordered Lo/liquid-disordered Ld) and therefore in rigidity.143 The

higher affinity for anionic phospholipids to the cationic AMPs likely

resulted in an accumulation of the AMPs in areas associated with

these lipids. Subsequently, the accumulated AMPs align themselves

parallel to each another and insert into the membrane to cause “free
volume” in the bilayer. The lipid layer then compensates for this new

volume by membrane thinning and this leads to increased fluidity. The

researchers proposed that the so-formed domains of higher fluidity

could act similarly to pores resulting in leakage of cell interior material

and were the origin of the antimicrobial property of these AMPs

(Figure 11).142

Lipid domains can be observed in diverse biological processes.

For example, domain formation in the cell membrane is involved in

the immune response or in communication of the cell by creating

signals.144–146 The possibility of artificially forming these domains was

investigated by introducing the α-helical (AH) domain of the hepatitis

C virus protein NS5A as a synthetic virocidal peptide into a lipid

bilayer. The study showed that the AH peptide exhibited different

binding affinities to the membrane, depending on the membrane com-

position. In the presence of phase-separating membrane components

like sphingomyelin or cholesterol, the binding of the AH peptides

would induce a pronounced redistribution of the lipid. This rearrange-

ment then led to the formation of distinct lipid domains. Control

experiments showed that in the absence of the phase-separating

agents, the AH peptides would not have any effect at comparable

concentrations. At higher concentrations, a softening of the mem-

brane was observed, which did however not induce any domain

formation.19

On the other hand, on a membrane, which already formed phase-

separated domains, amphipathic peptides are likely to accumulate at

the outer edges of the Lo phase.147 The hydrophobic core of the Lo

domains is thicker compared with that in the surrounding Ld phase.

This leads to a hydrophobic mismatch similar to the membrane thick-

ening effect (vide infra). This difference is compensated for by elastic

deformation, which in turn induces an increased curvature in the

membrane. Because amphipathic peptides mostly induce local curva-

ture, they prefer areas in a lipid bilayer with the same property, such

as the boundaries between the two phases Lo and Ld. The incorpora-

tion of amphipathic peptides at the phase separations results in a

repulsive interaction between the peptides of different domains. This

impends the fusion of smaller domains, resulting in a disturbance of

normal cell functions.146

Similar results were found when investigating five different AMPs

(Figure 8). Three of them (Mag2, GS, and BP100) showed membrane-

thinning effects after interacting with the lipid bilayer. The authors

explained that the thinning arises from only partial incorporation of

the peptides into the membrane and thus creating more area on the

outer leaflet of the bilayer. This causes a reduction of the hydrophobic

layer thickness. Interestingly, the same AMPs showed no or only poor

ability to incorporate and tilt inside the membrane.20,148 On the other

hand, PGLa, an AMP with a similar structure as Mag2, tilts when

entering the membrane and does not affect the membrane thickness.

PGLa also incorporates completely and thus displaces fewer lipids.

The fifth derivative of the series, TisB, showed membrane thickening

via dimer formation inside the membrane. This proceeds without tilt-

ing as the hydrophobic core faces the inner membrane region. The

hydrophobic moiety of TisB (43.5 Å) is longer than the hydrophobic

interior of the lipid bilayer used in this study (DMPC, 22.8 Å). As a

result, the membrane thickens to reduce this length mismatch.20

Besides lipid bilayer thinning and thickening, also the curvature of

the membrane is an important aspect regarding its morphology. In bio-

logical processes like endocytosis and vesiculation, a change of the

membrane's curvature has been observed and plays a crucial role in

F IGURE 11 (a) Accumulation of the
AMPs on areas associated with anionic
phospholipids. The peptides either
incorporate into or align parallel onto the
membrane. (b) The increased peptide
concentration creates “free volume” that
is compensated for with membrane
thinning. This leads to locally increased
membrane fluidity, which in return causes
pore-like behavior including leakage of
cell interior, and delocalization of
essential membrane-bound proteins.142
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them.149 Researchers synthesized the amphipathic helical peptide

EpN18 (XSTSSLRRQXKNIVHNYS–amide, X = norleucine) that

derived from the N-terminus of the protein epsin-1. They found that

the incorporation of EpN18 in HeLa cells led to packing defects in the

membrane (Figure 12). The peptide was incorporated only superfi-

cially in the outer lipid layer, which resulted in a bending of the inner

leaflet. Interestingly, an EpN18 trimer connected to an Ac–KGKGKG

backbone had a dramatically increased effect as the local concentra-

tion of the peptide increased. Thus, the minimum concentration of

EpN18 required to observe curvature and packing defects decreased

from 40 to 0.5 μM. This increased curvature of the membrane was

accompanied by an improved uptake of CPPs, like the synthetic

octaarginine (R8). In the presence of 0.5 μM of the EpN18 trimer, the

minimum required concentration of R8 to penetrate the membrane

was reduced by 50% to 10 μM.150

One of the most important factors in the context of membrane

composition or morphology is cholesterol. It plays a crucial role in

membrane curvature and lipid domain formation and is an essential

component of the membrane in mammalian cells.151,152 Another

important aspect of cholesterol in the outer membrane is its influence

on membrane fusion and fission (vide infra).153 It was proposed that

because of inducing a negative curvature in membranes, cholesterol

lowers the energy for forming lipid stalks. These stalks are supposedly

intermediates in membrane fusion.154,155 Furthermore, increasing the

cholesterol concentration results in a more efficient SNARE-mediated

membrane fusion.156–158 This shows the existing link between mem-

brane composition and the efficiency of membrane fusion peptides.

5 | FUSION PEPTIDES

Another way peptides can induce a change in membranes is by initiat-

ing the fusion of two separate membranes into one.159 Membrane

fusion is an important process involved in, for instance, the communi-

cation between different organelles and cells.160 The most studied of

these processes is exocytosis, which is based on the fusion of a vesi-

cle, that was formed inside the cell, with the outer cell membrane. The

merging of the two membranes leads to the release of the contents of

the vesicle, such as hormones or neurotransmitters, outside the

cell.161 Because of the high importance of membrane fusion, the pro-

cess is tightly regulated and relies, inter alia, on a class of mediating

peptides that is commonly referred to as fusion peptides. This type of

peptide is not only present in eukaryotic cells but is also used by

enclosed viruses to gain entrance into the targeted host cell.159 Even

though fusion processed in eukaryotes and prokaryotes does have

mechanistic resemblances (Figure 13), the viral fusion peptides do

F IGURE 12 (a) EpN18 is an
amphipathic peptide derived from the N-
terminus of the protein epsin-1.
Incorporation of EpN18 induces loosening
of lipid packing and a positive curvature
of the membrane. (b) Trimerization of the
peptide leads to increased local
concentration and therefore enhances the
effects described in (a).150
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show a greater variety in the modes of action (vide infra) and can

serve as a great inspiration for artificial systems.162 Despite the simi-

larities in the fusion processes of eukaryotes and viruses, most syn-

thetic models have been used to study eukaryotic fusion peptides and

the mechanisms.

During membrane fusion, the content of the previous two com-

partments is shared. In the same manner, the two different lipid bila-

yers merge, and thus, the phospholipid content of the emerging

vesicle and with that its morphology can be altered by the peptide-

mediated fusion process. However, also the membrane composition

itself can have an effect on the efficiency of the fusion peptides. For

instance, it has been shown that incorporation of certain phospho-

lipids that affect the curvature of the lipid bilayer affects the effi-

ciency of fusion.163

Both fusion efficiency and curvature are closely linked since lipid

bilayers with a higher curvature are energetically more strained. This

leads to a lower energy barrier for membrane fusion as the curvature,

and thus, the strain of the membrane is reduced after fusion. There-

fore, incorporating phospholipids that are known to increase the cur-

vature of lipid bilayers improves the efficiency of fusion peptides

(Figure 14).164,165 Also, cholesterol, which is present in significant

amounts in eukaryotic cells, has been shown to promote fusion.166

Selective removal or enzymatic modification of cholesterol was found

to reduce Ca2+-sensitive synaptic vesicle fusion efficiency. Further-

more, addition of external cholesterol to these depleted membranes

showed recovery of fusion as well as Ca2+ sensitivity. Although the

addition of membrane components leading to a similar membrane

curvature as cholesterol also recovered fusion efficiency, the same did

not happen to Ca2+ sensitivity. Therefore, it can be deduced that cho-

lesterol can promote membrane fusion both by creating negative

membrane curvature and interacting with protein factors that regulate

Ca2+-triggered membrane fusion.154 Further studies have shown that

higher concentrations of cholesterol lead to direct opening of the

fusion pore, whereas in lower cholesterol concentration, a prolonged

hemifusion intermediate is formed.157,158

5.1 | Viral membrane fusion

Enveloped viruses utilize membrane fusion to enter and infect eukary-

otic cells. These processes are mediated by viral fusion proteins that

are glycosylated and anchored in the viral envelope. Contrary to

eukaryotic fusion proteins, where the fusion process is initiated by

the interactions between the fusion proteins themselves, viral fusion

is triggered by an external environmental stimulus, such as acidic pH

or binding to a coreceptor.162

This trigger induces a conformational change in the viral fusion

protein that allows the native “fusion competent” protein located on

the viral membrane surface to be embedded into the host membrane.

This results in the “pre-hairpin” conformation containing a hydropho-

bic segment referred to as the fusion peptide that inserts itself into

the host membrane. This insertion destabilizes the lipid bilayer of the

host cell, leading to a reduction in the energy required to induce

fusion. Afterwards, further conformational changes lead to folding of

F IGURE 13 Different types of
proteins that can induce membrane fusion

F IGURE 14 The effect of different shape phospholipids on membrane curvature164
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the fusion protein, which brings the two membranes in closer proxim-

ity and initiates hemifusion eventually leading to full fusion by creat-

ing the fusion pore (see Figure 15).14,167 Although this is the general

mechanism of action, viral fusion proteins are classically divided into

three distinct classes based on their structural features. However,

studies have shown that there are several viral fusion proteins that do

not correspond to these three classes.167

Class I consists of proteins with three bundled α-helices in the

core of the pre-fusion complex, which refolds into a 6-helix bundle

after the fusion. This refolding is also the driving force for the mem-

brane fusion because of the creation of a stable rod-like structure of

the fusion proteins with a central trimeric coiled coil. Furthermore,

the fusion peptides of this class are located at the N-terminus of the

viral glycoprotein and are proteolytically released. Coronaviruses, ret-

roviruses, orthomyxoviruses, filoviruses, and paramyxoviruses are all

known to contain Class I fusion proteins; however, the most studied

examples of this class are influenza virus and human immunodefi-

ciency virus type 1 (HIV-1) fusion proteins.14,167–169

Class II differs from Class I viral fusion proteins in their three-

dimensional structure. Members of this class of proteins have a three-

domain structure that is composed predominantly of β-sheets and the

fusion peptide forms a loop located in the central domain, which

inserts itself in the host membrane during fusion.167 The composition

of this loop is important for fusion efficiency because substitution

with negatively charged amino acids is known to inhibit membrane

fusion.170 Class II fusion proteins also are not proteolytically cleaved,

and instead of forming coiled coils, they form homo or hetero-dimers

with viral glycoproteins.171 Furthermore, Class I proteins are perpen-

dicular to the membrane, whereas Class II ones adopt an orientation

parallel to the membrane.16,167

Lastly, Class III fusion proteins are found in herpesviruses, baculo-

viruses, and rhabdoviruses and contain characteristics of both previ-

ously described classes. They exhibit helical domains similar to Class I

and show a central domain with a fusion loop similar to Class

II. Furthermore, they are not proteolytically cleaved and do not con-

tain coiled-coil structure.172 Because of these significant structural

differences, they were introduced as a separate class of fusion

proteins.167

Several viral fusion peptides are known to adsorb onto the host's

membrane, which causes disturbance and destabilization and allows

for easier entrance of viruses into eukaryotic cells.165 For example,

content leakage assays showed that the SARS-CoV fusion peptide

preferentially binds to and destabilizes negatively charged

membranes.14,173

5.2 | Eukaryotic membrane fusion

A large range of eukaryotic fusion peptides is known up to date and

involved in different types of membrane fusion processes in eukary-

otic cells. Within this family of peptides, SNAREs are the most com-

monly studied ones. More than 30 different SNARE peptides can be

found throughout eukaryotic cells.174 This type of fusion peptide acts

via two complementary peptides located each on different mem-

branes (Figure 16a). They can then recognize each other and interact

forming the SNARE motif (Figure 16b), which brings the membranes

in closer proximity to one another. This forced proximity is one of the

driving forces to eventually induce membrane fusion (Figure

16c).16,175

Even though the general mechanism of SNAREs is well described,

not all aspects are fully clarified yet.176 Thus, several synthetic peptide

models based on the native SNARE proteins were developed and used

as probes to study SNARE-mediated membrane fusion.177,178 Specifi-

cally, the synthetic models have proven to be useful to understand

the role of specific regions of these proteins and to mimic the actions

of native proteins using minimalistic systems.

5.3 | SNARE proteins

SNARE peptides consist of three distinct regions, that is, the trans-

membrane domain that anchors the peptides in the membrane, the

SNARE motif that interacts with other complementary SNARE pep-

tides, and the linker region in between (see Figure 17).18 All three sec-

tions of the peptide play a role in the fusion process and structural

modifications impact the fusion efficiency. Studies have shown that

the attractive interactions between SNARE motifs on the two comple-

mentary peptides are the main driving forces for membrane fusion.

These interactions are proposed to happen by a zippering process,180

where the complementary motif aggregation initiates at the N-

terminus and continues toward the C-terminus, thus bringing the lipid

bilayers closer together. Several synthetic models have been created

that mimic the action of SNARE-mediated membrane fusion. Gener-

ally, these artificial analogs take inspiration from the natural peptide

F IGURE 15 Viral insertion-based
peptide-induced membrane fusion
mechanism16
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exhibiting a structural motif that anchors in the construct into mem-

brane and a part that mimics the SNARE motif and is capable to inter-

act with a second synthetic SNARE model peptide. In this part of the

review, we have compiled a brief overview of the different SNARE-

derived synthetic peptides that can interact with membranes and

induce fusion. The most used mimics for the SNARE recognition motif

are coiled coils.

5.3.1 | Coiled-coil models

Coiled coils are helix-forming peptides consisting of a heptad repeat,

which is labeled abcdef (Figure 18b). The amino acids at positions

a and d are hydrophobic and have a distance of approximately one

helix turn allowing coiled coils to interact through attractive hydro-

phobic forces.181 The other positions of the heptad can be varied to

introduce additional residues that generate more attractive interac-

tions between coiled coils.182

The most common SNARE peptide model utilizes the interactions

between coiled coils and is especially attractive because the native

SNARE peptide recognition motifs also consist of heptad repeats with

the propensity to form coiled coils. The shortest known peptides that

form coiled coils are the E3 and K3 (Figure 18c).182 They are short,

relatively to naturally occurring coiled coils, glutamic acid (E)-rich and

lysine (K)-rich coiled-coil peptides, respectively, and consist each of

three heptad repeats. Since they have opposite charges, they can

F IGURE 16 SNARE-induced membrane fusion mechanism175

F IGURE 17 Natural SNARE protein
structure179
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interact with each other via a mix of electrostatic and hydrophobic

interactions.

The K3/E3 motif was first introduced in 2009 to determine the

minimal machinery required for membrane fusion.177 In this construct

the transmembrane domain of the peptide was replaced with a dio-

leoylphosphoethanolamine (DOPE) anchor, whereas the flexible linker

was substituted with a short PEG chain (Figure 18a). This early study

demonstrated that two liposome populations, each decorated with

the complementary model peptides, undergo fusion. The fusion pro-

cess was studied using a variety of analytical techniques including lipid

mixing, liposome content mixing, and FRET assays. Furthermore, CD

measurements showed a change in the peptide structure because of

the interactions between the two complementary coiled coils upon

liposome mixing (Figure 18) allowing to conclude that using coiled

coils to mimic SNARE proteins meets all the characteristics of the

native SNARE membrane fusion.177

Further research focused on how the other components of the

model, such as the anchor, affect the efficiency of fusion. Interest-

ingly, by using coiled coils with hydrophobic phospholipid anchors,

such as DOPE, and cholesterol, content mixing studies showed that

these peptides could readily incorporate themselves into already

existing vesicles and induce membrane fusion. Consequently, the

same constructs were used to induce fusion in pre-existing liposomes.

However, the efficiency of the fusion process was decreased because

of only partial incorporation of the peptides in the liposomes.183

Also, the position of the anchor at the peptide strand has an

effect on the membrane fusion. This was, for instance, demonstrated

by using cholesterol to anchor E3 and K3 coils into liposomes.

Although both peptides were still well incorporated in the membranes

when having the anchor at the C-terminus of the peptide similar to

previous model systems, as well as in the middle of the peptide chain,

the fusion efficiency was affected in all cases. Specifically, the fusion

process was impaired most when the anchor was positioned in the

middle of the E3 coiled coil. No such trend was observed for the K3

peptide. This could be explained by the different ways these peptides

interact with the membranes when they are not actively promoting

fusion. Although the fusion of membranes is mediated by the forma-

tion of E3/K3 dimers, E3 is also homodimer-prone. Furthermore, K3 is

known to interact with the surface of membranes.184,185 When having

the anchor attached to the central part of its strand, E3 can no longer

form stable homodimers with other peptides on the same liposome.

This leads to the formation of homodimers with peptides on other

liposomes, potentially causing aggregation or even content leakage. In

contrast, in K3 derivatives that have a centrally positioned anchor, the

remaining peptide chain cannot insert itself fully into the membrane

they are attached to; thus, K3 remains available for fusion. Therefore,

a central anchor on the K3 peptide actually reduces the unfavorable

interaction of the peptide for fusion, providing more free K3 peptide

that could interact with E3.186

The diverse interactions between K3 and E3 peptides with the

lipid membrane (Figure 19) were also studied in silico using all-atom

simulations and free energy calculations. It was shown that both pep-

tides can adsorb on the lipid membrane surface. However, K3 is able

to penetrate deeper into the bilayer because of electrostatic interac-

tions with lipid phosphates as well as the longer length of the lysine

hydrocarbons compared with glutamic acid.188 These findings were

later confirmed by fluorescence, CD, and NMR spectroscopy as well

as by molecular dynamics (MD) simulations. Especially, in solid sta-

te31P-NMR, it could be visualized that the insertion of the K3 peptide

changes the local curvature of the membrane and reorganizes the

membrane composition, both of which are effects beneficial for

fusion.187 This reorganization of the membrane composition was also

found previously in MD studies showing that K3 increases the amount

of cholesterol in the vicinity of the peptide by 10%. As cholesterol is

one of the lipids that increase the membrane curvature (vide supra),

fusion efficiency is increased in this manner.189

Further, MD simulations investigated the effect that different

membrane compositions have on the absorbance of the fusion pep-

tides focusing on neutral phosphatidylchloride (PC)/phosphatidyletha-

nolamine (PE)/cholesterol bilayers and negatively charged

phosphatidylglycerol (PG)/egg sphingomyelin (eSM)/cholesterol bila-

yers. It was shown that charged phospholipids, such as PG, increased

F IGURE 18 (a) General structure of the coiled-coil SNARE model. (b) Helical wheel representation of coiled-coil interactions. (c) Structure of
different coiled coils181
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the adsorbance of the positively charged K3 into the membrane sur-

face with respect to neutral phospholipids like PC. These in silico

experiments could then be confirmed by fluorescence studies.190

Even though the adsorption of the K3 peptide to the membrane is

beneficial for initiating membrane fusion because of decreasing the acti-

vation barrier for fusion, it also means that less of the free K3 peptide is

available to interact with the complementary E3 peptides. Interestingly,

in the presence of peptide E3, K3 is 50 times more likely to bind to its

fusion partner rather than insert itself into the phospholipid bilayer min-

imizing the perturbating effect of adsorption to the membrane.190

More recently, also other coiled-coil peptides have been consid-

ered as possible synthetic mimics of the SNARE recognition motif. In

particular, the E4/K4 peptide pair was considered, which is similar to

E3/K3 but contains four heptad repeats instead of three (Figure 18).

In this model, the authors used cholesterol as the anchor and PEG4 as

the flexible linker and probed the propensity of the constructs to initi-

ate the fusion of giant unilamellar vesicles (GUVs), loaded with luci-

genin, with large unilamellar vesicles (LUVs) containing anionophore

bis-(thioureido)decalin (Figure 20). This fusion process was monitored

by fluorescence spectroscopy because the fluorescence of lucigenin

was quenched by the anions delivered during the fusion process.191

By fluorescently labeling the K4/E4 peptides, it was possible to study

their interactions with one another as well as with the membrane in

detail. The models showed very similar characteristics to the E3/K3

peptides. Analogously to K3, the K4 peptide shows a preference to

insert itself in the lipid membrane leaving only a fraction available for

interactions with the complementary peptide; E4 exclusively forms

heterodimers with K4.189 Both distribution of the E4 and K4 peptides

on the membrane and the fusion process could be visualized in real

time using simultaneous dual-color time-lapsed fluorescence micros-

copy. The same study showed that the use of nonionic surfactant

Tween 20 could improve the content mixing of GUVs and LUVs indi-

cating improved fusion efficiency. These studies showed that the

K4/E4 constructs could be used as an efficient platform for drug

delivery in the future.192

A less well-investigated system based on heterodimer forming

coiled coils was designed using P2EK, P3EK, and E3/P1K coiled coils

(Figure 18c), which showed higher fusion efficiency as well as more

specific interactions compared with previously discussed models and

thus could serve as alternative recognition motif for SNARE mimetics

in the future.193

Other alternatives to the K3/E3-derived coiled coils were also

investigated. They showed that by introducing a glutamic acid residue

in position a of the abcdefg heptad of the peptide IZ (IEKKIEA)4, it was

possible to change the structure from a random coil at pH 7.0 to a

coiled coil at pH 5.0. Therefore, they could use protons as an external

trigger to induce structural change to an active conformation and thus

membrane fusion.194

Although the synthetic peptide mimetics discussed up to now

demonstrated that a minimalistic machinery is sufficient to mimic

SNARE-induced membrane fusion, it becomes challenging to obtain

detailed mechanistic insights into the native SNARE peptide when all

parts of the native system are replaced. Therefore, a synthetic peptide

model that was more closely related to the native structure of the

peptide was designed (Figure 21). The model consists of the E3 and

K3 coiled coil as small and more easily modifiable recognition motif

but exhibits the native peptide structure of the transmembrane

domain and linker region. Therefore, it allowed to investigate the

effect the native linker and the transmembrane domain have on the

fusion efficiency using FRET assays.178

5.3.2 | Alternative fusion peptide models

Also, non-peptidic recognition moieties, such as DNA, have been con-

sidered to mimic the SNARE recognition motif. As such, replacing the

E3/K3 coiled coils in their previously described model (vide supra)

with two complimentary peptide nucleic acid (PNA) strands. In this

model, the anchor and linker region of the native SNARE proteins

were combined with the PNA-based recognition moiety to better

F IGURE 19 The roles of K3 peptide interactions, including formation of E3/K3 dimers, as well interaction of K3 with the membranes to
induce a change in conformation and curvature. (a) Formation of a K3/E3 heterodimer, (b) K3 interaction with the opposite membrane and local
PE enrichment, (c) K3 interaction with its own membrane and local PE enrichment, (d) E3 not bound to K3.187
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study the natural mechanism of SNARE-induced membrane fusion.

Specifically, PNAs were selected because of their specific interactions

and their propensity to mimic the zippering process of the SNARE rec-

ognition motif. Only five PNA residues proved to be of sufficient

length for specific recognition of the complementary strand, which is

advantageous considering the often challenging synthesis of long

PNA strands.195 However, because of the stronger interactions

between PNA strands compared with electrostatic interactions

between coiled-coil peptides, the aggregation of the PNA achieved by

a much shorter sequence was stronger.196

In contrast, a construct that is based on peptidic anchors was

developed, whereas the fusion was induced by small molecule interac-

tions. They utilized the propensity of Vancomycin to bind to peptides

exhibiting a C-terminal D-Ala-D-Ala motif as attractive interaction

between different vesicles and magainin, an AMP that can insert itself

into negatively charged membranes, as anchor. The fusion process

was then followed by a combination of DLS and FRET assays. The

authors found that the fusion was triggered by binding to the mem-

brane surface and the formation of dense aggregates, in which the

fusion rate was very high. Interestingly, this process showed a depen-

dency on the charge gradient between the two lipid bilayers. A

surface charge difference of donor and acceptor vesicles was needed

for the fusion process, whereas during fusion, this gradient decreases,

leading to reduced fusion efficiency.197

6 | MISCELLANEOUS

As seen in the previous sections of this review, peptides are able to

interact with the plasma membrane in a variety of modes. The largest

classes of membrane-interactive peptides, namely, CPPs, AMPs, and

fusogenic peptides (FPs), were discussed in the previous sections.

Nonetheless, peptides are able to interact with membranes also in dif-

ferent manners, such as the membrane-located fibril formation of

amyloid peptides, or peptides interacting with specific functional

membrane proteins. On a different note, this review has so far only

been discussing linear α-peptides interacting with the plasma mem-

brane. Other classes of important peptide-based structures deserve a

mention as well. In particular, β-peptides and cyclic peptides have too

been largely investigated as possible scaffolds for membrane-targeting

compounds. A brief overview over these four classes will be given in

the following.

F IGURE 20 Targeted delivery of lipophilic transporter 3 via membrane fusion of vesicles incorporating peptides 1 and 2. Final addition of
NaCl to the exterior exchanges external chloride for internal nitrate, resulting in the quenching of the encapsulated lucigenin fluorophore191
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6.1 | Amyloid peptides

Amyloids are aggregates of proteins or peptides that form on the cell

surface. They exhibit a β-sheet secondary structure and possess a

fibrillar, non-branched morphology.198 For years, amyloids in the

human body, such as the natural exponents amylin,199 amyloid-β

peptide,200 and α-synuclein,201 have only been linked to the develop-

ment of pathologies such as Parkinson's disease, Alzheimer's disease,

or amyloidosis.202 However, the recent discovery of functional amy-

loids exhibiting beneficial properties has changed the perspective on

these compounds drastically. In particular, it appears they could have

therapeutic interactions with human pathogens. As an example, the

Alzheimer's disease correlated amyloid-β peptide (Aβ) has been shown

to have a protective effect against brain infections derived from her-

pes viruses.203 Aβ is in fact able to interact with the glycoproteins of

the virus, which induce Aβ amyloid formation with subsequent coating

and isolation of the viral particles.

After confirmation that natural amyloid structures could indeed

demonstrate pharmaceutically relevant activity, the field of synthetic

amyloid-like peptides developed. The intrinsic characteristics of

amyloids, such as their ability to self-assemble and to form supramo-

lecular structures, make them interesting targets for biological and

medical studies. Peptides mimicking natural amyloids can readily be

synthesized via solid-phase peptide synthesis and thus be employed

for such applications.204 These artificial amyloids have already found

multiple fields of application, with compounds proposed as anti-

viral205,206 or anticancer scaffolds,207,208 vaccines,209–211 or bioima-

ging tools.212

6.2 | Protein-interacting peptides

Using peptides instead of small molecules as protein ligands is advan-

tageous as their larger size allows them to easily form highly specific

interactions with their targets.213 Because of this feature, a vast num-

ber of peptide-based drugs have been developed in the last years.

Despite challenges with cellular internalization, which partly limits the

targeting possibilities to membrane proteins, a significant number of

protein-interacting peptides with different therapeutical uses have

been successfully synthesized. A recent example is the mutant pep-

tide R7W-MP, which targets L-type Ca2+ channels (LTCCs) on the

membrane of cardiac cells in patients affected by Brugada syn-

drome.214 This novel peptidic drug restores the function of LTCCs by

interacting with their chaperone β-subunit. Ultimately, this interaction

determines regulation of cell distribution of LTCCs and alteration in

the life cycle of pathological mutations of the protein and therefore

acts as a therapeutic agent.

The largest protein family to be targeted with peptidic drugs are

the G protein-coupled receptors (GPCRs). This class of transmem-

brane proteins exhibits an extracellular receptor moiety that can

detect molecules in the extracellular environment and activate an

intracellular response. A wide variety of stimuli including ligands, such

as lipids, peptides, proteins, neurotransmitters, or light, are able to

trigger a response in GPCRs.215 Already approximately 50 peptide

drugs targeting GPCRs are commercially available, and a variety of

new compounds are under investigation in order to produce more.216

Semaglutide and liraglutide, for instance, are GPCR-targeting peptides

acting as a glucagon-like peptide 1 receptor agonists and employed in

the treatment of type-2 diabetes and as weight management drugs.217

These two compounds, mimicking the action of the human incretin

glucagon-like peptide 1, can inhibit the production of glucagon and

promote the production of insulin, determining a lowering of blood

sugar level.

6.3 | β-Peptides

β-Peptides differ from their α-analogs because of an extra CH2 in the

backbone between the COOH and the NH2 functionality. This simple

modification determines two important characteristics of β-peptides.

On the one hand, they are able to form helical structures starting from

6-residue chains, whereas for α-peptides, usually a minimum of 10 res-

idues is required. On the other hand, the structural differences from

F IGURE 21 SNARE protein mimic using the structure of the
native syntaxin (Sx) and synaptobrevin (Syb) transmembrane domain
and linker regions with the E3/K3 coiled coils as the recognition
motif.178
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α-peptides make them resistant against standard proteases and are

therefore metabolically more stable.218 Because of this biologically

relevant characteristic, β-peptides have been investigated as possible

alternatives for α-peptides for different applications.

Numerous in vitro studies showed that β-peptides are able to

interact with the plasma membrane and form transmembrane

domains.219,220 This characteristic has then been recently exploited to

design molecular rulers. β3-peptides P1 and P2 were synthesized,

labelled with an Atto643 dye, and incorporated in a lipid bilayer. Sub-

sequently, GIET spectroscopy analyses were performed in order to

evaluate the distance of the dye from the lipid surface. Potential appli-

cation for structures like these is the positioning of probes at given

distances from the plasma membrane, in order to measure the ion

concentration in its proximity.221

Analogously to conventional α-CPPs, β-peptides and α/β-hybrids

have also shown the ability to permeate the plasma membrane follow-

ing both direct penetration and endocytosis.222,223

Moreover, the resistance of β-peptides toward degradation by

proteases made them promising candidates for the development of

antimicrobic peptides. Specifically, synthesizing β-peptide analogs of

active yet protease-sensitive α-peptides has proved to be a promising

strategy.224,225 As an example, a 17-residue β-peptide (named β-17)

was synthesized and showed analog activity to natural AMP magai-

nin.226 The synthetic strand showed not only higher activity than the

natural one but also higher selectivity towards bacterial cells and

resistance toward trypsin protease. In particular, after 2 days of incu-

bation of β-17 with the protease, RP-HPLC analysis proved that the

peptide was not cleaved. Another possibility to generate protease-

resistant molecules is the synthesis of hybrid strands consisting of

alternating β- and α-amino acids.227

6.4 | Cyclic peptides

Cyclic peptides have aroused the interest of researchers in the recent

years as they have been shown to be more resistant to proteolytic

degradation compared to linear peptides and serve as potent protein

ligands. Specifically, their structure allows a better interaction with

the active site of proteins compared with small molecules. This makes

them ideal candidates to serve as platform for the development of

protein-targeting drugs.

In order to maximize their potential, cyclic peptides need to be

able to penetrate the plasma membrane to reach their intracellular tar-

gets. Several natural and nonnatural cyclic peptides have already been

proven to have cell-penetrating abilities.228,229 Interestingly, cyclic

structures appear to facilitate not only internalization of the com-

pounds but also endosomal escape. A family of cyclic compounds was

synthesized starting from the already known cFΦR4 peptide.230 Like

their precursor, these new CPPs are formed by a cyclic arginine-rich

strand characterized by an L-2-naphthylalanine residue (Φ; Figure 22).

F IGURE 22 cFΦR4 structure with
the 2-naphthylalanine residue highlighted
in red. The table reports the structures of
the synthesized analogs.
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Flow cytometry analysis was performed on the fluorescent-labeled

peptides and showed that they exhibit a high endosomal escape activ-

ity through vesicle budding formation in the endosomal membrane.100

Some cyclic peptides, like WR4 and WR5, two short cyclic peptides

synthesized with L-amino acids and rich in charged residues, have also

shown endocytic-independent internalization ability.231

The interest in cyclic peptides has also revolved around their

possible use as antimicrobial agents. Natural compounds, such as

tyrocidines, have shown antibacterial activity against the malaria-

responsible parasite Plasmodium falciparum, by inhibiting their

growth and thus blocking their life cycle.232 Also, synthetic com-

pounds have shown similar properties. For instance, short cyclic

peptides with an even number of alternating D,L-α-amino acids

exhibit high activity against Staphylococcus aureus and other gram-

positive bacteria.233

7 | CONCLUSION AND OUTLOOK

In this review, we saw how specific peptide–membrane interactions

can be found in naturally occurring peptides with cell-penetrating,

antimicrobial, or fusogenic activity. These compounds have aroused

the interest of researchers because of their biological activity and

their potential to the development of synthetic derivatives in a highly

programmable manner. These analogues aim to possess higher activity

while exhibiting lower toxicity with respect to their natural

counterparts.

CPPs are a promising tool for the delivery of biologically active

molecules inside live cells. In particular, peptidic structures able to

transport cargos are extremely interesting because of their biologi-

cal compatibility. New natural peptides with cell-penetrating capa-

bilities keep being discovered, whereas synthetic analogues are

developed in order to generate compounds with improved drug-like

properties. These derivatives are able to cross the plasma mem-

brane of eukaryotic cells without inducing cell death and therefore

can vehiculate active molecules inside the cytosol without damage

rendering them great candidates for the development of drug deliv-

ery systems. Even though CPPs are known to be able to cross the

membrane through different mechanisms, a full understanding is still

missing. Synthetically modified peptides provide the opportunity to

close this gap by providing insights into structure–activity

relationships.

AMPs, on the other hand, are a promising alternative to classical

antibiotics providing a potential solution for the antibiotic crisis. Spe-

cifically, AMPs avoid the formation of resistance in bacteria by inter-

acting with the cell membrane directly. These peptides either disrupt

the membrane through pore formation, causing cell death through

leakage, or cross the membrane to inhibit important intracellular pro-

cesses. Besides their potential to replace antibiotics, they can also be

used to further enhance their potency by increasing their uptake. By

introducing smart, synthetic modifications, the properties of AMPs

can be finetuned. For instance, introducing D-amino acids to the

sequence of AMPs or a PEG unit lowers the negative effect of the

hemolytic activity. Also, assembling them into nanostructures can

have similar effects, while simultaneously increasing the bactericidal

effect. The antimicrobial activity can be further enhanced by adding

fatty acids or amidate the carboxylic end of the AMP.

Model structures of fusion peptides as well as their interactions

with the membrane have been widely studied. The introduction of

coiled-coil peptides anchored in the phospholipid bilayer is of central

interest to study and induce membrane fusion. The E3/K3 coiled-coil

model and its variants have found widespread use as SNARE peptide

mimics because of the relative simplicity as well as similarity to the

native recognition motif. Moreover, K3 coiled coils showed interac-

tions with the lipid bilayer that reorganizes the membrane composi-

tion and decreases the energy barrier required for fusion.

Furthermore, the effect and position of the lipid anchor as well as the

membrane composition on the efficiency of the fusion have been

studied. However, altering the recognition motif, for instance, to the

extended E4/K4 pair was demonstrated to be a useful tool for mem-

brane fusion mimicry. Models utilizing other than coiled-coil recogni-

tion motifs have also been explored, such as the use of PNA or small

molecule interactions to induce membrane fusion. This shows the

potential for greater variety in the models mimicking membrane

fusion proteins.

Besides the larger groups of peptides interacting with the plasma

membrane, such as CPPs, AMPs, and FPs, also, the properties of other

classes have been explored. Amyloid peptides and protein-interacting

peptides have shown interesting possible applications in pharmaceuti-

cal and medical fields. Furthermore, modifications such as the use of

β-amino acids or cyclic peptide analogs contributed to the develop-

ment of compounds with better activity profiles compared with classi-

cal α-amino acids linear strands.

Ultimately, synthetic peptides and peptide analogs are extremely

promising compounds that can be employed either as analytical tools

for a better understanding of human physiology or as novel therapeu-

tic moieties.
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