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EDITORIAL 

Antibacterial peptides and the outer membranes of 
gram-negative bacilli 

Major problems are being experienced in human 
medicine from antibiotic resistant bacteria [ 11. Further- 
more, no new chemical class of antibiotics has been 
introduced into medicine in the past two decades [2]. 
Although many antibiotic structures have been sub- 
jected to intensive chemical manipulation to yield novel 
derivatives with extended activity spectra, resistance to 
such antibiotics has usually emerged quickly. An ideal 
antimicrobial agent, in the antibiotic resistance era, 
would be one that does not suffer intrinsic or induced 
resistance problems, or one that directly attacks a 
common resistance mechanism. Antibacterial peptides 
that represent a conserved theme in host antimicrobial 
defences throughout nature are of great interest in this 
regard and potentially provide the first novel class of 
antimicrobial agents since the introduction of nalidixic 
acid in 1970. 

Antibacterial peptides - nature’s antibiotics 

Antibacterial peptides have been found in bacteria, 
fungi, plants, insects, amphibians, fish, crustaceans, 
birds, mammals and man [3]. These peptides are small 
(11-35 amino acids) and cationic by virtue of 
possessing several arginine and lysine residues. In 
species such as insects they (e.g., cecropins) represent 
the major inducible defence against microbes, and their 
production is controlled by the same transcriptional 
elements as are used in the human immune system [4]. 
In mammals, including man, they (e.g., defensins) are 
the predominant protein species in the neutrophil, a 
dedicated cell designed for immediate response against 
invading organisms [ 5 ] .  They are also found on the 
surface of the tongue, trachea, lungs and upper 
intestine and are thought to be a major antibacterial 
defence on mucosal surfaces [6]. 

Cationic antibacterial peptides appear to have evolved 
through convergent evolution [3]. Despite their similar 
high content of basic amino acids and common 
functional role, they have dramatically different 
three-dimensional structures which can be P-sheets, 
a-helices, extended helices or loops, consistent with 
them having different origins [3, 61. More than 150 
different cationic peptide structures have been de- 

scribed in the literature, and a single organism can 
have one or all of the above structural classes. 

Outer membranes as a drug barrier 

The outer membranes of gram-negative bacteria are 
selectively permeable to drugs [7-91. Hydrophilic 
permeation occurs through the water-filled channels 
of proteins termed porins. Because the channels have 
limited sizes, only molecules smaller than a certain 
exclusion limit can pass through these channels, and as 
molecules (e.g., p-lactam antibiotics) approach this 
limiting size they are slowed down by intermolecular 
interactions with the amino acids lining the channel. As 
porin channels represent < 5% of the surface area of 
the Escherichia coli outer membrane, this means that 
the presence of the outer membrane reduces the 
potential rate of uptake of p-lactam antibiotics in E. 
coli by a factor of > 1000. In Pseudomonas aeruginosa 
and other non-fermenters with high intrinsic resistance, 
antibiotic permeation rates across the outer membrane 
are further reduced by up to 100-fold. 

In addition to porin-mediated uptake of water soluble 
molecules, two extra uptake systems exist. Polycations, 
including aminoglycosides and polymyxins, use a self- 
promoted uptake system. Hydrophobic drugs on the 
other hand cross directly through the outer-membrane 
bilayer, and studies with steroids suggest that penetra- 
tion rates are 10-100-fold lower than those observed 
for other kinds of biological membranes. 

Restricted outer-membrane permeation cannot by itself 
explain intrinsic antibiotic resistance, because even at 
slow, limited permeation rates, equilibration of anti- 
biotic concentrations across the outer membrane will 
occur in 0.2-100 s, depending on the antibiotic in 
question. Rather, it must be combined with a 
secondary resistance mechanism that can take advan- 
tage of slow exposure to antibiotic; e.g., periplasmic 
p-lactamases or active efflux of antibiotic. Never- 
theless, restricted outer-membrane permeability plays a 
critical role in the intrinsic antibiotic resistance of 
gram-negative bacteria as increasing or decreasing 
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outer-membrane permeability results in antibiotic 
super-susceptibility or resistance respectively. 

Interaction of peptides with gram-negative 
bacteria 

Recent research has provided a rather complete picture 
of how cationic peptides interact with gram-negative 
bacteria and although this interaction is described here 
for indolicidin, a bovine neutrophil-derived peptide 
[ 101, similar data have been gathered for other types of 
peptides [3, 51. Indolicidin, like other polycations, 
crosses the outer membrane by self-promoted uptake. 
This involves the initial competitive displacement of 
divalent cations (Mg2+ or Ca2+) from their binding 
sites on surface lipopolysaccharide (LPS). Because 
indolicidin is far larger than a divalent cation, it causes 
distortion of the outer-membrane structure. On con- 
tacting the cytoplasmic membrane, indolicidin inserts 
into this membrane under the influence of the trans- 
membrane electrical potential gradient, which is 
oriented interior negative such that cationic indolicidin 
molecules will pass from the periplasm into the 
cytoplasmic membrane. A potential of at least 
-80mV is required to promote such insertion and 
the result is association of indolicidin molecules to 
form channels in the cytoplasmic membrane, through 
which essential cellular solutes leak. Indolicidin forms 
rather defined channels, although other cationic pep- 
tides form channels of variable sizes. 

This mechanistic picture explains many of the more 
desirable antibacterial features of cationic peptides. 
The ability to bind to LPS explains their anti- 
endotoxic activity [ 1 11, as endotoxin is basically 
LPS. The proposed permeabilisation of the outer 
membranes to other cationic peptide molecules is 
consistent with the observed increased outer-mem- 
brane permeability to probe molecules, and the known 
synergy of certain cationic peptides with conventional 
antibiotics [12, 131. Also, the physical mode of action 
in forming channels explains the fact that mutations to 
resistance have not been observed with cationic 
peptides [6], as alteration of membrane structure to 
prevent insertion and channel formation is far more 
difficult than remodelling target enzymes. 

Design of novel peptides 

There is already considerable structural diversity 
among cationic peptides [3], and considerable amino- 
acid sequence heterogeneity exists within given struc- 
tural classes. However, with a theoretical 2OI3 possible 
variants of a 13 amino-acid peptide, there is ample 
scope for designing improved peptides. Basically, two 
methods have been used: systematic variation in 
selected amino acids, and fusion of parts of individual 
peptides. New peptide design can be assisted by 

computer modelling because, as a general rule, active 
peptides should fold in three dimensions to form a 
structure with the charged and hydrophilic amino acids 
on one face, and the hydrophobic (membrane-interact- 
ing) amino acids on the other. Production can be 
carried out by chemical peptide synthesis or by 
recombinant DNA methods [14] that permit design of 
novel variants by molecular biological mutagenesis 
procedures. The ability to produce antibacterial pep- 
tides by molecular biological methods, makes them 
potentially the first class of recombinant antibiotics. 

Therapeutic potential 

Peptides have many exciting properties that would 
seem to recommend them as novel antibiotics. It is still 
too soon to state whether they will achieve their 
potential, although some clinical studies are underway. 
In animal studies of efficacy, protection has been 
observed against: Pseudomunus infections in neutro- 
penic mice (with a-helical peptides [lo]) fungal 
infections (with liposomal indolicidin [ 151); and 
Helicobacter infections (with nisin) in mice. In 
addition, the a-helical peptide, magainin, has been 
shown to enhance activity of a p-lactam antibiotic, 
cafpirome [ 121, and to exhibit anti-endotoxin activity in 
galactosamine-sensitised mice [ 1 11. Two cationic pep- 
tides are currently in clinical trials: MSI-78 against 
diabetic foot ulcer infections is currently in phase 111 
trials; nisin (a natural product from Lactucoccus) is in 
phase I clinical trials against Helicobacter gastric 
infections. Several other cationic peptides are under 
development. The next 5 years should reveal whether 
these peptides will really be the first new structural 
class of antibiotics in three decades. 
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