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Abstract

Cationic antibacterial peptides are produced in all living organisms and possess either selective activity toward a certain type of cell or
microorganism, or a broad spectrum of activity toward several types of cells including prokaryotic and mammalian cells. In order to exert
their activity, peptides first interact with and traverse an outer barrier, e.g., mainly LPS and peptidoglycan in bacteria or a glycocalix layer
and matrix proteins in mammalian cells. Only then, can the peptides bind and insert into the cytoplasmic membrane. The mode of action
of many antibacterial peptides is believed to be the disruption of the lipidic plasma membrane. Therefore, model phospholipid membranes
have been used to study the mode of action of antimicrobial peptides. These studies have demonstrated that peptides that act preferentially
on bacteria are also able to interact with and permeate efficiently anionic phospholipids, whereas peptides that lyse mammalian cells bind
and permeate efficiently both acidic and zwitterionic phospholipids membranes, mimicking the plasma membranes of these cells. It is
now becoming increasingly clear that selective activity of these peptides against different cells depends also on other parameters that
characterize both the peptide and the target cell. With respect to the peptide’s properties, these include the volume of the molecule, its
structure, and its oligomeric state in solution and in membranes. Regarding the target membrane, these include the structure, length, and
complexity of the hydrophilic polysaccharide found in its outer layer. These parameters affect the ability of the peptides to diffuse through
the cell’s outer barrier and to reach its cytoplasmic plasma membrane.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction cells. They are rapidly synthesized at low metabolic cost,
easily stored in large amounts, and readily available shortly
Interactions between bioactive peptides and cell mem- after microbial infection to kill a broad spectrum of mi-
branes play an important role in many cellular processes. A crobes. At present, more than 700 such peptides have been
major group within these peptides includes a large number reported (see a complete list lattp://www.bbcm.univ. tri-
of membrane-active peptides, termed antimicrobial peptides, este. it~ tossi/pagl. htin These peptides vary significantly
used as the first chemical barrier between all organisms andn their sequences, length, and structures. Many of them
microbes. These peptides are activated, in response to bacare linear whereas others are cyclic due to the existence
terial infection, by a regulatory process and are produced by of one or more disulfide bridges. Some adephelical,
almost all species of life, ranging from microorganisms and B-sheet or both3-sheet andx-helical structureqd1,6-9]
plants to animals, including humafts-4]. Despite the different folding characteristics, most peptides
Antimicrobial peptides are produced predominantly in seem to adopt an amphipathic arrangement with opposing
the animal’'s most exposed tissues (e.g., skin, eye, and lungshydrophobic and positively charged faces when they are in
which are most likely to come in contact with microorgan- contact with the bacterial membrane. However, recent stud-
isms (for a recent review, s¢8]). In higher organisms they  ies revealed that it is possible to mimic the basic properties
are produced mainly on epithelial surfaces and in phagocytic of native antimicrobial peptides, namely, a threshold hy-
drophobicity, a net positive charge and amphipathicity (not
_ necessarily an amphipathichelical or 3-sheet structures)
*Cor_respondmg author. Te_k&972-8-9342-71_1; faxek9_72-8-9344-112. by introducinap-amino acids into Ivtic peptided 0—13]or
E-mail address: yechiel.shai@weizmann.ac.il (Y. Shai). y . g . . yuc pep e[ ]
1The Harold S. and Harriet B. Brady Professorial Chair in Cancer DY USINg non-natural amino acifis4—18] or even polymers
Research. and oligomers of a repeating uifit9,20]
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Interestingly, many antimicrobial peptides that share sim- branes. This is mainly because peptides need to cross the
ilar structures differ considerably in their spectrum of activ- cell wall, an external barrier, before reaching the cytoplas-
ity; they can be classified into two major groups: (i) pep- mic membrane, a process that is dependent on several prop-
tides that are highly potent against bacteria but not againsterties of the peptides such as structure and oligomeric state.
normal mammalian cells and fungi; e.g., insect cecropins, Many pathogens including bacteria, yeast, and fungi are sur-

which are active only on Gram-positive bactefzd], ma- rounded, in addition to the plasma membrane, by an external
gainins[22], dermasepting23], and short model diastere- barrier, which contains mainly polysaccharide compounds.
omeric peptides (containing only Leu and Ly%R], which This review summarizes recent studies dealing with the

are active on both Gram-negative and Gram-positive bac-role of the cell wall in preventing potent membrane-active
teria; (ii) peptides that are toxic to both bacteria and nor- antimicrobial peptides from reaching the cytoplasmic target
mal mammalian cells, such as melitfie4], pardaxin[25], membranes, as well as the role of peptide structure and as-
gramicidins[26], bombinins H 3—-927,28], and the human  sembly in traversing these cell walls and to bind and increase
cecropin-like LL-37[29,30] Since fungi and mammalian the permeability of the cytoplasmic membrane.
cells are both eukaryotic cells, peptides that are active on
mammalian cells have the potential to also kill fungi. Exam-
ples include pig cecropin®1-33] the amphibian buforins 2. Peptide-membrane interaction and antimicrobial
[34], human histatin35], indolicidin isolated from cattle  activity: studies with model membranes
[36], tachyplesin Il isolated from horseshoe cf@h prote-
grin | from pig [37,38], mammals alpha and beta defensins A common characteristic of most antimicrobial peptides
[31] and insect defensif89,40] However, there are several is their net positive charge. Many studies demonstrated that
antimicrobial peptides that are active solely on fungi and not they bind and increase preferentially the permeability of
on bacteria or mammalian cell83,41] Examples include  negatively charged phospholipid membranes, which consti-
drosomycin from fruit fly[7], and the plant defensird2]. tute the main component of the bacterial cytoplasmic mem-
The question is, therefore, how can different cells have dif- brane. Overall, there is a correlation between the capacity of
ferent susceptibilities toward a certain antimicrobial peptide? antimicrobial peptides to bind and permeate phospholipid
It is generally assumed that most antimicrobial peptides membranes and their biological function. Non-hemolytic an-
disrupt and permeate the target cell membrane, which re-timicrobial peptides bind strongly and permeate efficiently
sult in an irreversible damage that is hard to[f%,43,44] negatively charged phospholipid membranes that mimic the
Lehrer et al[45] reported, for the first time, that the mecha- bacterial membrane much better than zwitterionic mem-
nism of killing in intact bacteria includes the membrane per- braneg8,9,50-52] which are the major constituents of the
meation step. They showed that human neutrophil peptideouter leaflet of erythrocytef53]. Some examples include
defensin [HNP]-mediated bactericidal activity agaifst magainins, dermaseptins, cecropins, cathelicidins, prote-
cherichia coli is associated with sequential permeabilization grins, defensins, temporins and many oth2ds-23,54-56]
of the outer and inner membranes, and that inner membrandn addition, the biological activity of many non-cell-selective
permeabilization appears to be the lethal event. In this studyantimicrobial peptides can be predicted, based on their abil-
they utilized the ability of the normally impermeable sub- ity to interact and disrupt both negatively charged and zwitte-
strateo-nitrophenyl galactoside (ONPG) to be hydrolyzed rionic membranes. A few examples will elaborate this issue:
by a cytoplasmic enzyme-galactosidase as a test of in- (i) The cecropin-like human peptide LL-37 is an am-
creased permeability. Therefore, many studies were focusedphipathic a-helical antimicrobial peptide that belongs to
on the bacterial phospholipid membrane as the main targetthe cathelicidin family and is highly toxic toward bacteria,
of these peptides. The inner membrane of Gram-negativebut it also possesses lytic activity toward mammalian cells
bacteria and the single membrane of Gram-positive bacteria[57,58] The peptide binds and permeates efficiently both
are composed of negatively charged phospholipids. In con-zwitterionic and negatively charged phospholipid vesicles,
trast, the phospholipids comprising the outer surface of the and is very resistant to proteolytic degradation when bound
membrane of normal mammalian cells are composed pre-to these model membrangs9]. That LL-37 does not dis-
dominantly of zwitterionic phospholipids and cholesterol. tinguish between zwitterionic and negatively charged lipid
Therefore, the net positive charge, which is the most con- vesicles suggests the involvement of hydrophobic interac-
served property of antimicrobial peptides, allows them to tions between this peptide and the vesicles. Indeed, LL-37
bind preferentially to the bacterial negatively charged mem- reaches and stays in phosphatidylcholine membranes as
brane[46-49] oligomers that contain bundles of hydrophobic N-terminals
In line with this, many studies were performed at the level that bind strongly to model membranes independent of the
of model membranes mimicking the phospholipid mem- charge of the phospholipid headgroys®]. (ii) Pardaxin
branes of bacteria and mammalian cells, with an attempt tois a shark repellent lytic neurotoxin, isolated from the Red
predict the connection between the properties of the mem-Sea Moses Soldardachirus marmoratus and from the
brane and biological activity. However, it is clear that there Peacock Sole of the western PaciRardachirus pavoni-
is a large difference between living cells and model mem- nus [25,60,61] Pardaxin is highly toxic to both bacteria
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and mammalian cell§62—64] Studies with model mem-  introduction ofp-amino acids within the sequences of the
branes revealed that it binds and permeates efficiently bothparental amphipathie-helical peptides would make it more
zwitterionic and negatively charged phospholipid vesicles. difficult for them to form an amphipathic structure unless
Structural and functional studies with various pardaxin they are located very close to the hydrophobic membrane.
analogs and truncated forms showed that the C-terminalSince they are positively charged they are better attracted to
part in its sequence is important for its assembly within the negatively charged membranes via electrostatic interactions.
zwitterionic membrane milie{62,64] In line with this, the Nevertheless, if the peptides are highly hydrophobic, the
C-terminal-deleted analogs of pardaxin preserved the an-incorporation ofb-amino acids does not prevent their bind-
timicrobial activity of the intact pardaxin, but their hemolytic ing to both zwitterionic and negatively charged membranes,
activity was significantly reducef2]. (iii) That hemolytic and therefore, they are less selective to bac{@g High
and membranolytic activities are both influenced by pep- hydrophobicity should force a strong partition of the peptide
tide assembly within membranes was recently illustrated into the hydrophobic core of the lipid bilayers, regardless of
by covalently linking peptide molecules into undissociable the phospholipid head group, thereby permeabilizing mem-
peptide oligomers. This was done by using diastereomeric branes of both eukaryotes and prokarydfé@]. Another
(containing bothL- and p-amino acids) cationic peptides interesting group of diastereomeric peptides was recently
with variable lengths (13, 16, and 19 amino acids long) reported[71]. This group includes six- and eight-residue
and their covalently linked pentameric bundles (oligomers) cyclic p- and L-amino acid-containing alpha-peptides that
[65]. Whereas the monomoric peptides were practically act preferentially on Gram-positive and/or Gram-negative
devoid of hemolytic activity, the pentameric forms were bacterial membranes compared to mammalian cells. These
highly active on human erythrocytes. Concomitant with the peptides were reported to assemble in phospholipids mem-
biological function, all the monomeric peptides, regardless branes to form nanotubes. Recently, Deber and coworkers
of their length, displayed a low affinity toward zwitterionic  also reported on antimicrobial peptides derived from trans-
membranes. In contrast, all the bundles bound strongly andmembrane segments of membrane proteins with double
irreversibly to these membranes and disrupted them. Fur-p-amino acid replacements and a few lysins at both termini.
thermore, peptide assembly seemed to affect its structure,Their antimicrobial activity was dependent on the position
as was observed from its increasechelical andB-sheet of the p-amino acidg472].
contents, which also enhanced acyl chain disruption in A correlation between antimicrobial activity and binding
PC/cholesterol membranes. In addition, there was a corre-and disrupting model membranes was also found in a new
lation between the antibacterial activity of the peptides and family of peptides which containefl, instead ofa, amino
their ability to depolarize the transmembrane potential of acids. Beta-17, for example, was found to promote negative
E. coli spheroplasts (that lack the bacterial LPS and pepti- curvature and reduce bilayer formation in negative mem-
doglycan), as well as the ability to bind negatively charged braneq73]. Studies on its ability to permeate liposomes in-
vesicles and to induce leakage of calcein from them. (iv) dicated a different mode of membrane interaction compared
Studies with dermaseptins, antimicrobial peptides isolated to thea-amino acid peptide magainin 2. However, both leak-
from frog’s skin[23], revealed that mutants that were able age studies, membrane-binding experiments, and biological
to assemble in solution could better permeate zwitterionic activity assays showed that beta-17, similar to magainin 2,
membranes, concomitant with their increased hemolytic had a strong affinity to negatively charged membranes and
and antifungal activity{66,67] Truncated forms and mu- had selective antimicrobial activifjl5,73,74]
tants of dermaseptin S4 demonstrated that the hydrophobic In contrast to what has been previously discussed, sev-
N-terminal is responsible for its oligomerization and cyto- eral antimicrobial peptides bind and permeate both zwitte-
toxicity toward erythrocytes. rionic and negatively charged membranes and yet they are
Similarly to LL-37, oligomerization of dermaseptin S4 not hemolytic[75-77] Furthermore, it seems that a nega-
would form a bundle of hydrophobic N-terminals that could tively charged surface is not sufficient for cell wall disruption
initiate binding to the zwitterionic membranes of erythro- because human erythrocytes, for example, contain a large
cytes, thus causing their lysis. number of highly negatively charged sialic acid-containing
Recently, attempts to decrease hemolytic activity without carbohydrate moieties in the form of glycoproteins and gly-
affecting antimicrobial activity resulted in the synthesis of cosphingolipids, which form their outer glycocalix layer.
diastereomeric peptides (containing bath and p-amino Despite this, erythrocytes are not affected significantly by
acids in their sequence). These include diastereomers ofmost naturally occurring antimicrobial peptides. A possible
both native and de novo-designed peptides, such as melittinexplanation is that the peptides are probably attached first to
[68], pardaxin[10] and Lys and Leu-containing peptides the glycocalix layer via electrostatic interaction. However,
[11]. These diastereomers had higher affinities toward neg-because most cationic non-hemolytic antimicrobial peptides
atively charged membranes compared to zwitterionic model have low affinity to zwitterionic membranes, it makes it dif-
membranes. Several allamino acid peptides containing ficult for them to be released from the anionic glycocalix
only Lys and Leu have shown previously to be both an- barrier and to be partitioned into the cell phospholipid mem-
timicrobial and hemolytid69]. It was suggested that the brane.
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All the studies just described suggest that the lethal stepmonolayers and bilayers with different lipid compositions
in most cationic antimicrobial peptides is the disruption of [20,85,86] These studies allowed differentiating between
the cytoplasmic membrane. This process is accomplishedthe above proposed mechanisms. The peptides investigated
in two steps: membrane binding and membrane inser- were from two major families: (i) the bee venom melittin, as
tion/permeation. Therefore, understanding the parametersa model of a non-cell-selective peptide that forms transmem-
involved in the mechanism of membrane permeation is cru- brane pores; and (ii) magainin and a diastereomer of melittin
cial for the development of antimicrobial peptides as future (four amino acids were replaced by thekenantiomers), as
antibiotics. models of bacteria-selective and non-pore-forming peptides.

Fitting the SPR data to different interaction models allowed

differentiating between two major steps: membrane binding
3. Mechanisms of membrane disruption by and membrane insertion. It was found that melittin binds to
antimicrobial peptides PC/cholesterok-450-fold better than its diastereomer and

magainin, mainly because it is inserted into the inner leaflet

Two general mechanisms were originally proposed to de- (2/3 of the binding energy), whereas the other two peptides
scribe the process of phospholipid membrane permeationare not. In contrast, there was only a slight difference in
by membrane-active peptides. These were the “barrel-stavethe binding of all the peptides to negatively charged PE/PG
[78] and the “carpet79,80] mechanisms. The major dif- mono- and bilayer membranes (in the first and second steps),
ference between these two mechanisms is that in the barreindicating that the membrane’s inner leaflet contributes only
stave model only a few molecules can pinch a pore in the slightly to their binding to PE/PG bilayers. Furthermore, the
membrane, whereas in the carpet mechanism the membran&00-fold stronger binding of the cell-selective peptides to
needs to be covered before permeation appears. AccumuPE/PG, compared with PC/cholesterol, resulted only from
lating data suggest that the permeating pathway depends orelectrostatic attraction to the negatively charged headgroups
both the peptide and the membrane. More specifically, ac- of the membrane’s outer leaflet. Indeed, these results could
cording to the “barrel-stave model”, membrane-bound pep- clearly differentiate between the two general mechanisms:
tides recognize each other, oligomerize, and form transmem-pore formation by melittin only in zwitterionic membranes,
brane pores. Theoretically, such pores can be formed from asand a detergent-like effect (carpet mechanism) for all the
few as three molecules. To allow pore formation, the inserted peptides in negatively charged membranes.
molecules should have distinct structures, such as an amphi- A difference between the affinities of the peptides to lipid
pathica-helix, hydrophobiex-helix, B-sheet or botlx-helix monolayers compared to bilayers indicates the contribution
andp-sheet structures. Peptides that act via this mechanismof the membrane’s inner leaflet to the binding process. The
should presumably kill bacteria below the experimentally ratio Ka pilayer KA monolayer Can give an indication on the
observed micromolar concentrations, becoming lethal oncedepth of penetration into the membrane core. A ratio-f
they penetrate into the phospholipid membrane of the targetindicates that the peptide is surface localized, and a ratio
cell. On the other hand, according to the “Carpet model” above~10 indicates that the peptide inserts into the lipid
[44,79,80,81] peptides bind the phospholipid membrane bilayer [20] (and unpublished results). Very recently, ex-
surface until a threshold concentration is reached, and onlyperiments performed with ail-amino acid model peptides
then permeate it in a detergent-like manner. The detailed per-and their diastereomers (containing bathand p-amino
meation/disruption mechanism can vary between the differ- acids) demonstrated that the binding of the diastereomers to
ent peptides, and could be disintegration in a detergent-like PC/cholesterol monolayers is similar to their binding to bi-
manner44], torroidal poreg§82,83], or channel aggregates layers, indicating that the diastereomers are not influenced
[84]. In contrast to the barrel stave mechanism, the carpetby the inner layer in agreement with the carpet mechanism
mechanism requires neither a specific peptide structure nor[87]. On the other hand, their binding to PE:PG monolay-
the formation of structured channels. It should be empha- ers is approximately three-fold lower than to bilayers. Com-
sized that, according to the carpet mechanism, the peptide’spared to the diastereomers, their elamino acid parental
positively charged amino acids are spread along its chain,peptides and the two pore forming peptides pardaxin and
and are continuously in contact with the lipid head group melittin, bind 15-25-fold stronger to bilayers compared to
during the process of membrane permeation. Since channemonolayerd20] (and unpublished resultsfig. 1).
formation requires the penetration of the peptides into the
hydrophobic core of the membrane, the interaction of these
peptides with the membrane is predominantly governed by 4. Disrupting the bacterial inner membrane is not the
hydrophobic interactions. Therefore, peptides that act via only killing mechanism of antimicrobial peptides
the barrel stave mechanism can interact strongly with both
zwitterionic and negatively-charged membranes, and there- It has been reported that some antimicrobial peptides are
fore are non-cell-selectivig4]. active against one bacterial species but not against another,

Very recently, surface plasmon resonance (SPR) was usedilthough their inner membranes have similar phospholipid
to study the interaction between lytic peptides with both lipid compositiong13]. This could be due to differences in the
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Initially, the peptides interact with the polyanionic LPS
exterior and competitively dislocate the divalent cations
that partially neutralize the LPS (for more details, see
Hancock’s review in[32]). This causes the disruption of
the outer membrane, and it is through these disrupted outer
membranes that the peptides translocate. In the next step,
the peptides reach the inner phospholipid membrane, bind
to it and finally disrupt and disintegrate it. Disintegration
of this membrane will eventually kill the cell. Therefore,
predicting the biological potency of antimicrobial peptides
from their activity on model phospholipid membranes that
do not contain this barrier is not straightforward. Parame-
ters that contribute to the ability of the peptides to cross the
cell wall include their secondary and tertiary structures, as
well as their oligomeric state. The larger the molecule, the
more difficult is it to cross this barrier.

A few examples will elaborate this issue. (i) A cyclic ana-
log of magainin was synthesized by incorporation of cys-
teins at both the N- and C-termini of the linear peptide and
formation of disulfide bongB8]. It was found that at similar

(D) molar ratios of bound peptide:lipid, both linear and cyclic
Emj magainins showed similar membrane permeation activity in
Hﬁgﬁ both zwitterionic and negatively charged phospholipid mem-
ﬂﬂﬂ ﬂﬂﬂﬂ branes, indicating that linearity is not required for membrane
permeation. However, the finding that cyclic magainin was

less active than linear magainin in the killing of bacteria,

Flg. 1 Schematlc_representatlop of the dn‘fgrept mechanlsm_s of_memk'JranepOin,[s to the importance of linearity in this case in reach-
lysis by the peptides. In the first step (binding step), which is mainly

governed by electrostatic interactions, all the peptides align parallel to Ing the tf_;lrget antibacterial mner phosphollpld membrane._To
the outer membrane bilayer surface. In contrast, the following step (the féach this membrane, peptides must cross the outer barriers,
insertion step) is different for each peptide; in the case of the diastereomersa process that should be easier for the linear molecule com-
interacting with PC/cholesterol membrang (panell A), t‘he peptides align pared to the bulky cyclic one. Cyclic magainin should have
parallel to the outer membrane surface W!thout dlsturplng the membr'ane a Iarger volume and less flexibility compared with the linear
structure. In the case of the allmodel peptides and their diastereomeric ; . epe .
counterparts in PE:PG membrane (panel B), the peptides align parallel to version. Therefore, It_IS probably _m_ore difficult for the CyCI_IC
the outer membrane surface disturbing the membrane structure. During the@nalog than for the linear magainin to cross these barriers.
whole process, the peptides remain in contact with the head group regionIn addition, the five positively charged amino acids in maga-
of the lipid bileyer(79,80,99,100] In the case of the all-model peptides  jnin are distributed along its amphipatic helix. Upon cycliza-
gnd par'daxm binding to 2W|tte_r|on|c and anionic !|p|ds, respegtlvely, it tion, all the positive charges, including the N-terminal-free
is possible that both ‘carpet like’ and ‘pore-forming’ mechanisms are . L . .
involved (panel C). Finally, in the case of pardaxin in PC/cholesterol amine, are distributed _throthOUt the rng, and t_he peptlde
membrane (panel D), the peptide insert deeply into the hydrocarbon thus becomes less helical. These changes can induce more
region of the target cell membrane and forms transmembrane pores byefficient binding of the cyclic magainin analog to the nega-
the ass_embly of seve_ral monomers via a pore-forming (‘barrel stavg‘) tively charged cell wall components, and hence make it more
mechanism. The extgnor of the fprmed helical conformation contacts with difficult for the cyclic form to diffuse into the inner target
the hydrocarbon region of the bilayef23]. . " . .
phospholipid membrane. (i) A group of model amphipathic
all L-amino acids and their diastereomers were synthesized.
The sequence of the peptides was3KXVX ,KX 2K, where
outer membranes of the various strains. These membraneX = Gly, Ala, Val, lle, or Leu. Functional studies showed
are the first barrier the peptides encounter and throughthat peptides in which %= Leu, lle or Val are highly ac-
these membranes the peptides need to traverse in order tdive in the permeation of negatively charged vesi¢gSj.
reach the inner cytoplasmic membrane. In addition, whereasHowever, only the Leu-containing peptide was bacterici-
Gram-negative bacteria contain two discrete membranesdal, whereas the lle and the Val-containing peptides had
with different compositions, Gram-positive contain only no antimicrobial activity. Studies on their oligomeric state
one. The outer membrane of Gram-negative bacteria is anshowed that in contrast to the Leu-containing peptide that
asymmetric membrane with glycolipid lipopolysaccharides formed predominantly dimers in SDS—-PAGE, the lle- and
(LPS) covering more than 90% of the cell surface in its the Val-containing peptides formed high-order oligomers.
outer leaflet and phospholipids with a composition similar The large size of these oligomers prevent them from pen-
to that of the cytoplasmic membrane in its inner leaflet. etrating through the bacterial outer wall into the bacterial
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Table 1 and also induced similar activities da coli spheroplasts
Designation_s anq sequences of de novo desigraahino acids and their (which do not have LPS and peptidoglycan in their outer
corresponding diastereomers (taken frit8]) surface). These results were not expected because of the
Peptide designation Sequefce major alteration in the sequence and structure of these pep-
L-aa peptides tides. In contrast, the spectrum of antimicrobial activity of
Amphipathic-1 LKLLKKLLKKLLKLL NHp the peptides was different from that of the segregated pep-
Scrambled-4 KLKLLKLLKLLKLLK- NHp tides, which were less active than the amphipathic or the
Segregatedi5 KKKLLLLLLLLLKKK- NHp scrambled ones (seBable 2. This suggests that the dif-
Diastereomers ferences in the potencies of the diastereomers result from
Amphipathic-b LKLLKKLLKKLLKLL-NH, their different abilities to diffuse through the bacterial wall
Amphipathic-2 LLKKLLKLLLKLLKK-NH to reach the cytoplasmic membrane, which depend on their
Amphipathic-3 LLKLLKKLLKKL LK L-NHp . )
Scrambled-s KLKLLKLLKLLK L L K-ty different structures. However, once the diastereomers cross
Segregatedis KKKLLLLLLLLL KK K-NHy this barrier, they behave similarly in the permeation of the
Segregatedi LLLLLKKKKKKLLLL-NH, cytoplasmic membrane.

2|talicized and bold amino acids areenantiomers. All the peptides

are amidated in their C-terminus.
5. The role of the outer membrane and

lipopolysaccharide (LPS) in antimicrobial
cytoplasmic phospholipid membrane. However, in a model activity—studies with intact bacteria
membrane system the peptides interact directly with the ex-
posed lipid membrane and therefore oligomerization of the The influence of bacterial LPS on the peptides bio-
peptides should not prevent them from direct interaction with logical function was demonstrated in the case of the bee
the membrane. (iii) Recently a series of short lytic peptides venom melittin known as a non-cell-selective lytic pep-
composed of only leucines and lysines (15 amino acids) andtide. Although it is believed that melittin kills bacteria
their diastereomers (containing fiveamino acids in their by directly interacting and permeating the phospholipid’s
sequence) were synthesized and functionally and structurallymembrane, bacteria sensitivity toward melittin has been
investigated (see list ifable 1 [13]. Among the diastere- shown to vary among different bacterial species. It was
omers, three were designed to fold into an ideal amphipathic found that LPS caused high resistance to melittin-induced
a-helix in their allL-amino acid form but with a different  cell leakage, indicating that LPS in Gram-negative bac-
distribution of then-amino acids along the hydrophobic and teria offers strong protection against the lytic effects of
hydrophilic faces; the fourth one had a scrambled sequencemelittin. This resistance is due in part to the tight pack-
of hydrophobic and hydrophilic amino acids, and in the other ing of the lipid acyl chains in the LPS layers. Moreover,
two peptides the hydrophobic and hydrophilic amino acids the addition of bacterial phospholipids to LPS bilayers in-
were grouped (in the primary structure). It was found that creased their sensitivity to melittin. This is in line with the
all the peptides had similar potencies in increasing the per-finding of different sensitivities to melittin of deep rough
meability of negatively charged vesicles (containing phos- bacteria compared to smooth phenotyp@8]. There are
phatidylethanolamine, PE, and phosphatidylglycerol, PG), at least two major differences in the lipids in the outer

Table 2
Minimal inhibitory concentrations of the peptidegNl) and their hemolytic activity (taken frorfiL3])
Peptide E.coli E.coli MRSE P aeruginosa A. baumannii  Micrococcus Staphylococcus S aureus Il Percent
designation ATCC D21 LT1324  ATCC 27853 ATCC 19606 luteus simulans ATCC 6538P hemolysis
25922 at 100 .M
L-aa peptides
Amphipathic-1 13 13 4 25 1 2 2 3 100
Scrambled-4 3 3 15 6 2 2 15 6 82
Segregatedib 50 50 32 >50 50 16 32 50 66

Diastereomers

Amphipathic-b 7 4 1 3 13 0.5 1 13 0
Amphipathic-2 22 6 0.5 6 11 0.5 1 25 0
Amphipathic-3 11 5 1 3 10 0.5 1 45 0
Scrambled-8 6 3 1 6 15 0.4 1 25 0
Segregatedid 44 14 1 50 50 0.3 1 >50 3
Segregatedit  >56 7 1 8 50 0.5 1 >50 0

aMethicillin resistant Staphylococcus epidermidis.
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monolayers of the outer membranes of these different mu- mechanism. This was demonstrated by the finding that de-
tants. The first difference is in the structure of the LPS polarization of the bacterial cytoplasmic membrane poten-
molecule, in particular, the length and complexity of the tial by polyphemusin | occurred prior to lethal damage to
hydrophilic polysaccharide region. A second difference cells[92].
between these mutants is that the phospholipid:LPS ra-
tio in the outer monolayer of the outer membrane of
deep rough bacteria is larger than that of smooth mu- 6. Multi-drug resistant (MDR) proteins and
tants, making rough bacteria more sensitive to melit- membrane-binding domains can influence the peptides
tin. Overall, in this specific case there was no corre- activity and specificity toward bacteria
lation between biological activity and interaction with
the negatively charged phosphatidylglycine (PG). Note The association of an antimicrobial peptide with the bac-
that the actual lipid composition of the bacterial mem- terial membrane’s phospholipids is only a partial process
brane also includes about 70% phosphatidylethanolamineamong the overall interactions between the peptide and the
(PE) which might give different results compared to PG living microorganisms or cells. Recent reports suggest that
alone. bacteria produce multi-drug resistant (MDR) proteins that
The role of the length of the polysaccharide of outer inhibit by different ways the action of some antimicrobial
membrane on antimicrobial activity was also inves- peptides. Note also that some antimicrobial peptides use a
tigated by using magainin 791]. This peptide was  receptor located on the target cells, even though their killing
found to modify the thermotropic properties of the outer mechanism in presumably via membrane destabilization. A
membrane-peptidoglycan complexes derived from wild-type few examples illustrate these cases: (i) Several isolates of
Salmonella typhimuriumand a series of LPS mutants, which  the human pathoge®&treptococcus pyogenes, which include
displayed a different susceptibility toward this cationic virulent strains of the M1 serotype, secrete the protein SIC
peptide. LPS mutants showed a progressive loss of resis{93]. This protein is found to inactivate human neutrophil
tance to killing by magainin 2, as the length of the LPS «-defensin and LL-37, known to be involved in bacterial
polysaccharide moiety decreased. Although disruption of clearance in humans. The fact that SIC is found to be secreted
the outer membrane structure is most likely not the pri- inlarge amounts b$ pyogenesand in many variations, can
mary factor leading to cell death, the susceptibility of explain the high frequency @& pyogenesinfections caused
Gram-negative cells to magainin 2 has been proposed toby the M1 serotype. (ii) It has been suggested that the appar-
be associated with factors that facilitate the transport of the ent ineffectiveness of several plant antimicrobials peptides
peptide across the outer membrane, such as the magnitudeés largely due to the MDR proteins expressed in many plant
and location of LPS charge, the concentration of LPS in pathogens. In agreement with this, a recent study showed
the outer membrane, the outer membrane molecular archi-that the activities of plant antimicrobial peptides were
tecture, and the presence or absence of the O-antigen sideonsiderably greater against bacteria in which their MDR
chain. proteins were inhibite®4]. (iii) The first identified peptide
The inability to predict biological function from the bacte- that used a receptor-mediated mode of action against its
rial outer membrane alone has been shown also by Hancocktarget cells was nisin Z. This peptide is active at nanomolar
and coworkers, who investigated three structural variants of concentrations and has a receptor-binding domain as well as
the horseshoe crab cationic antimicrobial peptide polyphe- a membrane-interacting and insertion domain. It is hypothe-
musin | with improved amphipathic charact¢eg]. All the sized that the receptor-binding site helps to increase its affin-
peptides showed similar abilities to bind bacterial LPS. Con- ity to the membrane and only then the peptide can act on the
sistent with their high affinity to LPS, polyphemusin | and membrane by increasing its permeability similarly to other
its variants were able to increase the permeability of the bac- cationic antimicrobial peptides. More specifically, nisin Z
terial outer membrane to a similar extent, as shown by using uses the membrane-anchored cell wall precursor Lipid Il as a
the N-phenylnaphthylamine uptake assay. Nevertheless, inreceptof95]. It is not clear, however, how the pore-forming
terms of their activity against intact Gram-negative bacteria, domain permeates the target membrane. Further studies re-
the variants were moderately less active in vitro but more ef- vealed that when the receptor-binding domain is removed,
fective in animal models. However, a direct correlation was the peptide becomes active at a micromolar concentration
found between the inability of the peptides to bind zwitteri- toward several bacteria similar to most antimicrobial pep-
onic lipids and their lower hemolytic activities. Furthermore, tides that act via a non-receptor mediated mechanism. (iv)
compared with polyphemusin I, all variants showed reduced Mesentericin Y also uses a receptor for its function. This
ability to interact with anionic lipids, in agreement with their  receptor is located only on the specific bactéisgeria [96].
lower efficacy to depolarize the cytoplasmic membrane of Similarly to nisin, removal of the receptor-binding domain
E. coli, as assessed using a membrane potential sensitivéan mesentericin resulted in a loss of bacteria-specific selec-
fluorescent dye 3,3-dipropylthiacarbocyanine (diSC(3)5) as- tivity. The resultant analog (that lacks the binding domain)
say. Note also that the ability of the mutants to interact became active toward this and other bacteria at a micromolar
and permeate membranes did not correlate with their killing range.
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7. Anitimicrobial peptides need to cross the glycocalix membranes. Moreover, this peptide could bind and perme-
layer in order to partition into the zwitterionic plasma ate both zwitterionic and anionic liposomes, whereas the
membrane of erythrocytes B-sheet peptide interacted only with the anionic ones. In

other words, although having similar activities against in-

The phospholipids comprising the membrane of normal tact erythrocytes, the helical peptide was much more lytic
mammalian cells are asymmetrically distributed; the outer than thep-peptide against zwitterionic PC liposomes, and
leaflet is composed predominantly of zwitterionic phos- against liposomes composed of lipids extracted from either
phatydilcholine (PC) and sphingomyelin (SM) phospho- sheep or human erythrocytes.
lipids, whereas the inner leaflet is composed of negatively In summary, the ability of most cationic antimicrobial
charged phosphatydilserine (PE3]. This is the reason  peptides to interact and permeate model phospholipids mem-
for the use of PC-containing liposomes in most studies branes is crucial for their biological function. However, in-
to mimic the outer surface of mammalian cells. However, teraction with model membranes cannot guarantee that the
human erythrocytes, for example, contain also a large peptide will be biologically active, since biological activity
number of highly negatively charged sialic acid-containing depends also on other parameters that characterize both the
carbohydrate moieties in the form of glycoproteins and gly- peptide and the target cell. These include the oligomeric state
cosphingolipids, which form their outer glycocalix barrier. of the peptide in solution and membranes, the structure of
Therefore, cationic antimicrobial peptides need first to cross the peptide, the stability of the active structure (i.e., the en-
this layer in order to reach the cytoplasmic PC membrane. ergy required to change its conformation from an unordered
The peptides’ hydrophobicity is an important factor in this structure in solution to an amphipatic structure in the lipidic
process. For example, studies with two closely related ma- membrane), the overall distribution of the positive charges
gainin analogs with enhanced hydrophobicity, magainin-H1 and hydrophobic amino acids along the peptide chain, and
and magainin-H2, showed similar activities toward model the type and width of the cell wall covering the cytoplas-
zwitterionic membranes. However, the more hydrophobic mic phospholipid membrane of the cell. Studies that will
peptide, magainin-H1, was more active against intact ery- take into consideration all of these parameters might better
throcytes[97]. An increase in hydrophobicity, which was address the actual mode of action of antimicrobial peptides
the result of an increase in its helical content, increased and assist in the development of this group of antimicrobial
the ability of the H1 analog to diffuse through the glyco- peptides that act via a new mode of action, as future thera-
calix barrier of the cells and to better partition into their peutic agents to combat bacterial and fungal infections.
Zwitterionic plasma membrane.
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