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Abstract. From the many peptide families that are in-
duced upon bacterial infection and can be isolated from
all classes of animals, the short, proline-rich antibacterial
peptides enjoy particular interest. These molecules were
shown to inactivate an intracellular biopolymer in bacte-
ria without destroying or remaining attached to the bacte-
rial cell membrane, and as such emerged as viable candi-
dates for the treatment of mammalian infections. These
peptides were originally isolated from insects, they kill
mostly Gram-negative bacteria with high efficiency and
they show structural similarities with longer insect- and
mammal-derived antimicrobial peptides. However, while
the distant relatives appear to carry multiple functional

domains, apidaecin, drosocin, formaecin and pyrrho-
coricin consist of only minimal determinants needed to
penetrate across the cell membrane and bind to the target
biopolymer. These peptides appear to inhibit metabolic
processes, such as protein synthesis or chaperone-as-
sisted protein folding. Pyrrhocoricin derivatives protect
mice from experimental infections in vivo, suggesting the
utility of modified analogs in the clinical setting. Se-
quence variations of the target protein at the peptide-
binding site may allow the development of new peptide
variants that kill currently unresponsive strains or
species.
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Introduction

Antibacterial peptides come in all colors and sizes.
These gene-encoded compounds are the first line of de-
fense against microbial infections in higher organisms,
such as mammals [1], as well as being significant effec-
tor molecules in lower organisms such as insects [2]. As
non-peptidic antimicrobial drugs often exhibit discrete
activity spectra, many antibacterial peptide families ex-
ist to cover almost all potential infection sources [3, 4].
For example, a single insect such as the fruit fly
Drosophila melanogaster produces at least seven distinct
groups of peptide antibiotics [5], each peptide assuming
a completely different activity spectrum [6]. The best-
known antibacterial peptide families are the multiple
Cys-bridge-containing defensins exhibiting anti-Gram-

positive activity [7, 8], linear a-helical peptides includ-
ing the cecropins [9, 10] and the magainins [11, 12] with
both Gram-positive and Gram-negative activity, the pro-
line-rich peptides that almost exclusively kill Gram-neg-
ative bacterial strains [13] and the glycine-rich peptides
that are similarly more active against Gram-negatives,
but sometimes also kill Gram-positives [14, 15]. These
cannot be regarded as strict categories: the diptericins
feature a proline-rich amino terminus and glycine-rich
C-terminal domains [16—18]. There are some additional
antibacterial peptides without clear family connections,
sometimes resembling others, sometimes not. For exam-
ple, while thanatin from the spined stink bug, Podisus
maculiventris, is important because it contains a single
disulfide bridge [19] and displays sequence similarity to
the brevinins, antimicrobial peptides isolated from frog



CMLS, Cell. Mol. Life Sci.  Vol. 59, 2002

skin secretions [20], moricin, from Bombyx mori, ap-
parently does not resemble any other antibacterial pep-
tide [21].

In general, all antimicrobial peptides interact with the
bacterial cell membrane. A direct correlation between
antibiotic effect and membrane disruption has been
found for defensins from mammals and insects, magain-
ins and cecropins [22—-24]. This is understandable based
on the structure of the antibacterial peptides. They are
composed of hydrophilic and strongly positively charged
domains, which are proposed to initiate peptide interac-
tion with the negatively charged bacterial surface and the
negatively charged headgroups of bilayer phospholipids.
The hydrophobic property would permit the peptides to
enter the membrane interior. The interaction with the
membrane involves either a ‘carpet’ mechanism by
which the peptides cooperatively destroy the membrane
barrier [25], or these biooligomers bind to the outer
leaflet of model membranes and flip inward, carrying
lipids along the way and creating brief disruptions in per-
meability [26]. However, the ability of various antimi-
crobial peptides to depolarize the cytoplasmic mem-
brane potential of Escherichia coli varies widely, with
certain peptides being unable to cause depolarization at
the minimal inhibitory concentration (MIC), while oth-
ers cause maximal depolarization below the MIC [27].
For all of the peptides, representing most of the struc-
tural classes, there is clearly no correlation between the
concentrations leading to complete membrane perme-
abilization and the MIC.

When prolines are inserted into the sequences of a-heli-
cal antimicrobial peptides, the ability of the peptides to
permeabilize the cytoplasmic membrane of E. coli de-
creases substantially as a function of the number of pro-
line residues incorporated [28]. In this regard, that many
very active native antibacterial peptides, at least against
selected Gram-negative pathogens, belong to the proline-
rich peptide family is intriguing [29]. Unlike strongly
membrane disrupting peptides, such as the magainins or
cecropins that kill bacteria in any stereochemical config-
uration [30, 31], the short, proline-rich peptides are inac-
tive when made of D-amino acid residues, suggesting the
presence of an intracellular target biopolymer with chiral
properties, most likely protein or nucleic acid [32, 33].
This does not completely exclude some type of interac-
tion with the bacterial membrane, and supports rather a
model in which the penetration across the membrane
layer is followed by the binding to and inhibition of a
functional intracellular end molecule [34]. These unique
properties explain the ever-growing interest in the short,
proline-rich antibacterial peptides, and warrant continued
research for many years to come.
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Currently known members of the short, proline-rich
peptide family

Most of the proline-rich peptides have been isolated from
insects. They are remarkably similar in amino acid com-
position and sequence motif pattern. The names of the
peptides reflect their origin rather than subdivision
among the individual sequences. I argued earlier that the
sequence diversity of the peptides arose from differences
in the sequences of the target protein in the pathogens and
the genuine combinatorial chemistry of the insects as
they developed during evolution [35]. Insects have
evolved an immune system that can distinguish different
classes of pathogens [36]. The example of lebocins,
longer proline-rich antibacterial peptides from various
sources, indicate that different insect species have
evolved specific antibacterial peptides adapted to the en-
vironment where they reside and the pathogens that
threaten their existence [37]. The mature form of lebocin
from the cabbage loofer Trichoplusia ni shares only 44 %
sequence homology with lebocin isolated from the silk-
worm B. mori. Even the same insect species produce dif-
ferent antimicrobial peptides depending upon the immu-
nizing microorganism [38].

Drosocin [39] is the most frequently studied variant of
these insect-derived peptides that have been isolated from
Hymenoptera, Lepidoptera, Hemiptera and Diptera [35]
(table 1). The main sequence characteristics are the re-
peated Pro-Arg-Pro tripeptide fragments that are sym-
metrically distributed along the 19-residue stretch of the
mature gene product, and the Thr-linked carbohydrate lo-
cated in mid-chain position. Although a series of different
mono- and disaccharide glycoforms of drosocin can be
detected in the hemolymph of Drosophila, the native pep-
tide has never been observed to exist without the addition
of a carbohydrate side chain [40]. The biological role of
the sugar remains an enigma. Although addition of the
most likely native sugar combination Gal-GalNAc in the
typical a (1 — O) anomeric configuration increases the in
vitro antibacterial activity of drosocin [33], other syn-
thetic drosocin variants, in which the classical O-linked

Table 1. Amino acid sequences of selected short, proline-rich an-
tibacterial peptides.

Drosocin G--KPRPYS PRPT*SHPR PIRV
Formaecin 1 G--RPNPVN NKPT*PHPR -1L
Pyrrhocoricin V-DKG S -YL PRPT* -PPR PIYNRN
Apidaecin la GNNRP-VYI PQP- RPPH P-RTI

* Site of glycosylation. Some other related peptide sequences dis-
cussed in the text in detail are:

PR-39: RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPPRFPPRFP,
Bac-5:

RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPIRPPFRPPLGPFP
Penaeidin-2:
SLDKRYRGGYTGPIPRPPPIGRPPFRPVCNACYRLSVSDAR-
NCCIKFGSCCHLVKG,

Buforin II: TRSSRAGLQFPVGRVHRLLRK.
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sugars are replaced with oxime-linked carbohydrates,
work equally well [41, 42]. Another typical member of
the family, the 20-mer pyrrhocoricin, was isolated from
the European sap-sucking bug Pyrrhocoris apterus [43].
In pyrrhocoricin, the PRP tripeptide is repeated twice and
Thrl1 is also O-glycosylated. However, synthetic O-gly-
cosylated pyrrhocoricin is less active than the synthetic
unglycosylated counterpart [44]. Although a couple of
arginines are still present in the peptides, in formaecin
from the bulldog ant Myrmecia gulosa, the repeated Pro-
Arg-Pro fragments are replaced with Pro-Asn-Pro and
Pro-His-Pro sequences. Synthetic formaecin (16 re-
sidues) without carbohydrate is considerably less active
than the parent, O-glycosylated analog carrying sugar on
Thrl1 [45]. Remarkably, all three native peptides show
high selectivity toward Gram-negative organisms, mostly
from the Enterobacteriaceae family (table 2). The for-
maecins are reported to kill only E. coli strains at low mi-
cromolar concentrations [45]. This limited activity likely
reflects the small number of bacterial strains studied
rather than a very narrow activity spectrum. Based on
published data, both native drosocin and pyrrhocoricin
kill E. coli, Salmonella typhimurium, Klebsiella pneumo-
niae and Agrobacterium tumefaciens in the mid nanomo-
lar to low micromolar concentration range [33, 44]. Ad-
ditional Gram-negative drosocin-susceptible strains in-
clude Enterobacter cloacae and Erwinia carotovora
carotovora. Pyrrhocoricin is highly potent against
Haemophilus influenzae in the liquid growth inhibition
assay [M. Cudic et al., unpublished data]. From the
Gram-positive strains, both peptides kill Micrococcus lu-
teus, and pyrrhocoricin shows weak activity against
Bacillus megaterium. The short, proline-rich peptides in
their native form do not appear to kill the major Gram-
positive threats to humans, such as Staphylococcus au-
reus, Streptococcus pneumoniae or Streptococcus pyo-
genes or fungi. Nevertheless, an exciting new study found

Proline-rich antibacterial peptides

that drosocin is expressed by Drosophila upon experi-
mental infection with parasites [46].

A series of small proline-rich peptides were originally
isolated from bees, and they are collectively called api-
daecins [47]. The insects include the honey bee Apis mel-
lifera, the bumblebee Bombus terrestris, the cicada killer
Sphecius speciosus, the bald-faced hornet Dolichoves-
pula maculata, the yellowjacket Vespula maculitrons and
the wasp Coccygomimus disparis [48]. These are 18- to
20-residue peptides with a highly conserved motif PRP-
PHPRI/L in the carboxy terminus. While many of the N-
terminal substitutions are conservative in nature (Arg —
Lys), intriguingly, Gln is either replaced for hydrophobic
residues such as Ile or Val or for a hydrophilic one, like
Lys. Actually, the authors suggested that the constant do-
mains are responsible for the general antibacterial activ-
ity, and the variable domains are responsible for the bac-
teria-specific activity spectrum. Indeed, huge activity dif-
ferences can be found among the apidaecin peptides, with
those from the honeybee strongly killing Yersinia entero-
colitica but not affecting Campylobacter jejuni, and the
analogs isolated from the wasps acting in exactly the op-
posite way [48]. If these modifications are made in nature
to combat insect-specific invaders, the apidaecins are
prime examples of the combinatorial chemical capability
of insects [35] and strongly suggest the existence of an in-
tracellular target protein containing sequence variations
among the assaulting bacterial strains. Worth mentioning
here is that recombinant apidaecin has been successfully
expressed in E. coli [49]. This indicates that a phage li-
brary can be used to produce large numbers of analogs of
the antibacterial peptides, and the sequences can be
screened and optimized against each individual bacterial
strain, including those which are currently non-respon-
sive to natural versions of the proline-rich peptide family,
but possess similar functional target macromolecules.
This library screening would also identify the analogs

Table 2. In vitro antibacterial activity of the insect-derived proline rich peptides.

Bacterial strain Drosocin Pyrrhocoricin ~ Apidaecin Formaecin ~ Lebocin Abaecin Diptericin
Gram negative

Escherichia coli +++ +++ +++ ++ ++ ++ +++
Pseudomonas aeruginosa - +/— ++ -
Salmonella typhimurium +++ ++ +++ +++
Klebsiella pneumoniae ++ ++ ++ +
Enterobacter cloacae ++ + +
Agrobacterium tumefaciens +++ +++ ++ + -
Gram positive

Micrococcus luteus +++ + -
Bacillus megaterium - ++ + ++
Staphylococcus aureus - - +

Streptococcus pyogenes

The various publications used different assay types and conditions, therefore numerical values cannot be compared. For qualitative com-
parison, +++ indicates strong (nanomolar) activities, ++ medium (low micromolar) and + weak (hardly detectable) activities. The — sign
indicates that the peptide was inactive under the used assay conditions.
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most active against the currently responsive bacteria, in-
cluding E. coli. However, when an attempt was made to
produce thanatin in a similar fashion, the E. coli hosts
were killed [50]. Even slight leakiness of the expression
of the thanatin gene product, exhibiting a much stronger
bactericidal activity than apidaecin, was suggested to lead
to killing of the host cells. In turn, this means that the
most active peptide variants, the ones that are the most
desirable to identify, will never be expressed, rendering
such a library inferior to de novo design of novel mole-
cules, once the target protein and the contact residues are
discovered.

It was argued that the 32- to 39-residue-long abaecins and
lebocins do not belong to the group defined by drosocin,
pyrrhocoricin, the formaecins and apidaecins, partly be-
cause of the increased size and partly because the longer
peptides can apparently affect membrane permeability
[51]. While these contentions are certainly true, the re-
markable sequence similarities between the two groups
justify briefly mentioning these longer peptides here.
Abaecins from the honeybee A. mellifera [52] or the
bublebee Bombus pascorum [53] are made up from Pro
residues, interspersed with Arg, Val, Leu, Phe, Asn or
Gln, amino acids characteristic for the smaller peptide
family. However, abaecin is less active than apidaecin in
vitro, and the composition of the assay medium greatly
affects antibacterial potency [52]. This may not reflect
negligible in vivo efficacy. In our hands, the in vivo ac-
tivity of pyrrhocoricin against E. coli ATCC 25922 was
not mirrored by extraordinary in vitro efficacy, at least
not in the validated assay conditions preferred by phar-
maceutical companies [35]. Nevertheless, the lack of
Gram-negative selectivity of abaecin indeed signals a
mode of action different from that of the apidaecins, the
closest sequence relatives [52]. The sequences of the
lebocins contain relatively less proline residues than any
previously discussed peptides, but still feature the O-gly-
cosylated PTPP tetrapeptide fragment, present in pyrrho-
coricin [51]. Interestingly, a monosaccharide-containing
derivative exhibits increased antibacterial potency, but
addition of a second carbohydrate moiety (resulting in a
pyrrhocoricin-like Gal-GalNAc structure) reduces the in
vitro antibacterial activity below that of the unglycosy-
lated variant [51]. Curiously, when the pyrrhocoricin
variants were assayed for in vitro biological activity, only
zero and two sugar derivatives were tested, never the
monosaccharide-containing analog. Pushing the size of
the peptides to the extreme, diptericin, an 82-mer peptide
(small protein) contains an N-terminal quarter almost
identical to the apidaecin-drosocin-pyrrhocoricin trio,
and a C-terminal region resembling the glycine-rich pro-
tein attacin [17]. Diptericin from Phormia terranovae is
also glycosylated on Thr10 and Thr54, but the sugars are
not needed at all for the antimicrobial activity [54, 55].
Although diptericin was shown to disrupt bacterial mem-
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brane integrity, the authors concluded that the molecule is
unlikely to function primarily as a pore-former [55].

Non-insect relatives

If we follow the thread of the arguments above, there are
no known non-insect relatives of the short, proline-rich
antibacterial peptides. All mammalian equivalents are
significantly longer, and fall outside the arbitrary <21
residue size limit. However, this review cannot be com-
plete without discussing some of these longer mam-
malian analogs, especially as peptide PR-39 (for proline-
arginine-rich with a size of 39 residues) is frequently
identified as the mammalian relative of apidaecin [56].
This categorization is based on the very similar amino
acid sequence patterns and the proposed similar mecha-
nism of action. Peptide PR-39 was first isolated from pig
intestine and showed antibacterial activity against E. coli
and B. megaterium [57]. Later, similar porcine analogs
were isolated from neurophils [58] and spleens [59]. Pep-
tide PR-39 belongs to the proline-rich branch of the
cathelicidin family of antibacterial peptides, one of the
two major antibacterial families in mammals (the other is
the defensin family) [60]. This branch also includes Bac-
5 and Bac-7, even longer peptides from bovine neu-
trophils, but with very similar amino acid composition
[61]. The bactenecins are 75 % homologous with peptide
PR-39 [62] and their sequences feature an Arg-rich N-ter-
minal region and successive repeats of the Arg-Pro-Pro-
Ile tetrapeptide fragment [63]. Similar genes encoding
cathelicidin-type antimicrobial peptides have been iden-
tified in sheep [64]. Clearly, to kill bacteria, the length of
these peptides does not need to be as long as they appear
in nature: for the antimicrobial activity of the
bactenecins, an arginine at or near the N terminus and a
chain length of at least 15 residues is satisfactory [63].
The minimally active domain of Bac-5 was mapped to the
7-23 fragment [63]. Likewise, the N-terminal 1-26
fragment of peptide PR-39 is a better antibiotic than the
full-sized parent analog [65] and even a 15-residue PR-39
fragment exhibits antibacterial activity [66]. A precursor
of the prophenins, proline-arginine rich antibacterial pep-
tides (proteins), was isolated from porcine bone marrow
[67]. Although the full prophenin-1 peptide is as long as
79 amino acid residues, its N-terminal 60 residues consist
of three perfect and three nearly perfect repeats of a de-
camer, FPPPNFPGPR [68].

The proline-arginine-rich cathelicidins (and prophenins
as well) in their native forms exhibit an activity spectrum
remarkably similar to the short, insect-derived proline-
rich peptides, killing E. coli, Salmonella enteritidis, and
K. pneumoniae strains at high nanomolar concentrations
[60]. From the Gram-positive bacteria, the sensitive
strains include B. megaterium, Bacillus subtilis and Lis-
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teria monocytogenes [57, 61, 65]. This would indicate an
intimate relationship with drosocin, pyrrhocoricin and
the apidaecins. However, the D-form of peptide PR-39
retains activity against E. coli, even improves the activ-
ity against Pseudomonas aeruginosa and actually be-
comes active against S. aureus, a pathogen that does not
respond to the native form [31]. The penaeidins are an-
tibacterial peptides longer than 50 residues. They were
isolated from the penaeid shrimp Penaeus vannamei [69]
and their amino acid composition features two clear dis-
tinct domains. Their N-terminal sequence starts with a
proline-rich domain, but as in diptericin, this region
alone lacks antimicrobial activity [70]. Clearly, the bio-
logical activity is carried by the C-terminal defensin-like
domain. Indeed, chitin binding is observed only for the
C-terminal region [71]. Interestingly, a ‘big defensin’
molecule consisting of 79 amino acid residues also ex-
ists, and is made up from independently functioning do-
mains [72]. Data on antimicrobial activities of recombi-
nant panaeidins demonstrate that these peptides (small
proteins) have broad-spectrum antifungal properties as-
sociated with a fungicidal activity [73]. Just like the
widespread smaller defensins, the shrimp penaeids kill
mostly Gram-positive strains. This raises the question:
what is the biological role of the proline-rich amino-ter-
minal region?

If we want to maintain the connection between peptide
PR-39 and the short, proline-rich insect peptide family,
we have to explain the aberrant activity spectrum of PR-
39 as the result of the rest of the peptide that is added in
excess to the apidaecin-analog sequence. In support of
this, peptide PR-39 binds to negatively charged mem-
branes but appears not to form discrete pores in artificial
membranes or to lyse E. coli cells [74, 75]. An initial de-
fensin-like membrane uptake is postulated [76], an effect
which, due to the increased length of the peptide, may be
stronger than that elicited by the shorter insect-derived
variants. In addition to antimicrobial properties, peptide
PR-39 was shown to participate in many in vitro and in
vivo regulatory processes [77, 78]. In support of the idea
that the apidaecin analog N terminus is the protein-bind-
ing domain and the defensin-like C terminus is the mem-
brane-active part, while modification of the N-terminal
region interferes with the intrinsic SH3-binding ability,
C-terminal amino acid changes have a greater influence
on the antibacterial activity [79]. Apparently, the non-
bactericidal activities of PR-39 were investigated in sig-
nificantly more detail than similar properties of the short,
proline-rich antibacterial peptides. Whether any or all of
these diverse biological activities are due to the sequence
motifs shared with drosocin, pyrrhocoricin or apidaecin
remains to be seen, and will be studied if derivatives of
these peptides reach the clinical trial stage, requiring the
performance of considerably more and more diverse as-
says on them.

Proline-rich antibacterial peptides

Toxicity and in vivo activities

Despite the realization that apidaecin-based peptides could
be used clinically to treat infections [48], there is very lit-
tle information available on the in vivo efficacy of the pro-
line-rich antibacterial peptides. Nevertheless, since these
molecules are not expected to interfere with eukaryotic cell
assembly, they are attractive drug leads. Generally speak-
ing, the interaction of most peptides with eukaryotic mem-
branes is inhibited by the lack of negatively charged lipids
on the surface of such cells, by the rather low membrane
potential across the plasma membrane and by the presence
of cholesterol, in contrast to bacterial membranes which
are abundant in anionic surface phospholipids, have high
transmembrane potential and lack cholesterol [80]. How-
ever, peptides with strong membrane-disintegrating activ-
ity may overcome these features. For example, cecropin is
deadly to mice at a dose of 100 mg/kg [81]. Even less
clearly membrane active peptides, like PR-39, pose a dan-
ger; this peptide rapidly enters human microvascular en-
dothelial cells [77]. These peptides become toxic if they
stay attached to the membrane and destroy the eukaryotes.
However, if the peptides are detached from the membrane
after penetrating into eukaryotic cells, and inhibit a bacte-
ria-specific intracellular target, their value is very high be-
cause in this case they can selectively kill obligate and fac-
ultative intracellular pathogens that live inside mammalian
cells. The potential of short, proline-rich peptides as thera-
peutics is indicated by the fact that drosocin is completely
non-toxic to healthy animals when added intravenously in
two 100 mg/kg doses [44].

However, drosocin fails to protect mice from experimental
systemic E. coli infection in the 25—100 mg/kg dose range,
and we explained this as due to the low stability of the na-
tive glycopeptide in animal blood [44]. The peptide is sig-
nificantly more stable in insect hemolymph, at least under
laboratory conditions [44]. Therefore, for pharmaceutical
development, we searched for other family members that
are more stable in mammalian body fluids. Pyrrhocoricin
appears to be degraded more slowly than drosocin in hu-
man and mouse sera, and although it still shows a fast de-
composition rate, characteristic for peptides, some peptide
apparently remains intact after a few hours, a time period
needed to kill bacteria by this family of antimicrobial
agents [29, 54]. Pyrrhocoricin does not lyse sheep erythro-
cytes up to the studied 256 pM concentration, and is non-
toxic to COS cells of mammalian origin up to the studied
50 pM concentration. The in vivo toxicity and activity of
pyrrhocoricin and Chex-pyrrhocoricin-Dap(Ac) (an ana-
log in which Vall is replaced with 1-amino-cyclohexane-
carboxylic acid and Asn20 is replaced with B-acetyl-di-
amino-propionic acid) were studied in mice. The N- and C-
terminal residues in the latter analog were replaced with
non-natural amino acids to prevent exopeptidase cleavage.
The peptides showed no toxicity up to the maximum ap-
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plied dose of 50 mg/kg. The native peptide protected mice
against E. coli infection at intravenous doses of 10 or
25 mg/kg applied 1 h after infection (with a boost 5 h after
infection), but at a dose of 50 mg/kg was toxic to compro-
mised animals. Similarly, drosocin also showed some tox-
icity to infected animals. This toxicity could be rationalized
as due to the inhibition of a mammalian chaperonine which
is increasingly produced upon infection [82]. The Chex-
pyrrhocoricin-Dap(Ac) derivative protected all mice in a
10—50 mg/kg dose range [29] without any toxic effects, in
line with the blockage of the mammalian chaperonine-
binding site [G. Kragol et al., unpublished data]. Most re-
cently, we studied the efficacy of a backbone-protected
pyrrhocoricin dimer during a local (lung) H. influenzae in-
fection [M. Cudic et al., unpublished data). The designed
dimer added as a single 20 mg/kg dose intranasally signif-
icantly reduced the bacterial count in the bronchoalveolar
lavage of all four mice compared to all five untreated ani-
mals.

More detailed literature data can be found on the in vivo
and ex vivo activities of the distant mammalian analog
PR-39. Based on the suppression of the NF-xB-depen-
dent expression of adhesion molecules [83], the activity
of PR-39 was studied in a rat heart ischemia-reperfusion
model. In this assay, the peptide effectively inhibits my-
ocardial ischemia-reperfusion injury, an effect mediated
by inhibition of NF-xB-dependent adhesion molecules
[84]. Because the in vivo active domain is located at the
N-terminal 1—11 fragment, we can speculate that this ac-
tivity may be repeated by the short, proline-rich insect an-
tibacterial peptides. In a related study, PR-39 added as a
bolus intravenous injection abolished ischemia-reperfu-
sion-induced leukocyte adhesion and emigration [85].

Mechanism of action

The activity of apidaecin is reduced when tested in nutri-
ent-free buffer, providing early clues for the mode of ac-
tion [47]. Formaecin was then clearly documented to kill
only growing cells, suggesting that the short, proline-rich
antibacterial peptides interrupt metabolic processes [45].
The same applies for diptericin, and for the target meta-
bolic processes, the syntheses of proteins, cell wall or nu-
cleic acids were proposed [55]. As in most research sub-
jects in the field, apidaecin led the way to the identifica-
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tion of the precise mode of action. As early as 1994, evi-
dence was presented indicating the lack of membrane
permeabilization, at concentrations exceeding lethal
doses by four orders of magnitude, and undiminished
sensitivity of apidaecin-resistant mutants to pore-forming
peptides [32]. Since the D-enantiomer is completely de-
void of antibacterial activity, the authors proposed that
apidaecin stereoselectively recognizes a chiral cellular
target. Recently, they went further and in an impressive
set of experiments postulated a five-step mechanism by
which apidaecin exerts its antimicrobial activity [56]. Ac-
cording to this study, the peptide first binds to an outer
membrane component of E. coli, followed by invasion of
the periplasmic space, and by a specific and essentially ir-
reversible engagement with a receptor/docking molecule
that may be inner membrane bound or otherwise associ-
ated, most likely a component of a permease-type trans-
porter system. In the final step, the peptide is translocated
into the interior of the cell where it meets its ultimate tar-
get, perhaps one or more components of the protein syn-
thesis machinery [56]. A somewhat similar mode of ac-
tion was suggested for peptide PR-39. PR-39 requires a
lag period of about 8 min to penetrate the outer mem-
brane of wild-type E. coli; subsequent killing is quite fast
[86]. Isotope incorporation experiments indicate that PR-
39 kills bacteria by a mechanism that stops protein and
DNA synthesis and results in degradation of these com-
ponents [86]. This idea was later challenged, citing the in-
creased size of this peptide and noting that PR-39 re-
mains attached to the membrane almost quantitatively
[65]. However, this latter finding may just reflect the ex-
istence of two functional domains of PR-39, leaving open
the possibility that the N-terminal active domain does
have an intracellular target biopolymer. Because PR-39
induces the expression of a transmembrane proteoglycan
at the concentration at which it lyses bacteria, this peptide
and other members of the proline-rich peptide family
were suggested to function as signaling molecules in
complex cellular behaviors [87].

When identifying the biopolymers involved in the
process of killing bacteria, we observed that pyrrho-
coricin, drosocin and apidaecin bind the bacterial
lipopolysaccharide (LPS) and the 70-kDa heat shock pro-
tein DnaK in a specific manner, and the 60-kDa bacterial
chaperonin GroEL non-specifically [82]. The inactive D-
stereoisomer does not bind to DnaK. Table 3 compares

Table 3. Hypothetical pathways of bacterial cell entry and intracellular interactions of the short, proline-rich antibacterial peptides.

Event

Player/incident suggested by ref. 56

Alternatively by refs 82, 88

1) Entry to cells

2) Invasion of periplasmic space
3) Binding to target

binding to an outer membrane component

receptor/docking/transporter molecule
inhibition of protein synthesis — ribosomes

interaction with negatively charged
surfaces/LPS

GroEL

inhibition of protein folding — DnaK
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Figure 1. Characteristic structures of pyrrhocoricin and the D-E
helix region of E. coli DnaK as they are generated by the flexible
docking process [88]. The helical domain on the left corresponds to
the synthetic peptide fragment representing DnaK with helix D lo-
cated at the top and helix E at the bottom. The right structure corre-
sponds to pyrrhocoricin which is positioned with its amino termi-
nus at the bottom, and its carboxy terminus at the top. Tyr6, in the
antibacterial peptide and the opposing residue of the protein,
Thr610, are marked to show the relative distances on DnaK. Note
that in this model, the E helix has been extended all over the length
of the synthetic peptide fragment for computational purposes; in re-
ality, the C-terminal residues may assume a less ordered, and con-
sequently more elongated structure.

the hypothetical pathways of cell entry and intracellular
activity of the proline-rich antibacterial peptides. Re-
cently, we identified the DnaK-binding sites of pyrrho-
coricin. According to these studies, the extended N-ter-
minal half of the peptide binds to the hinge between he-
lices D and E, located just above the conventional
peptide-binding pocket [88] (fig. 1). A mutational analy-
sis of the synthetic E. coli DnaK D-E helix fragment iden-
tified a probable pyrrhocoricin-binding surface on the
protein (fig. 2). Enzyme assays support the notion that
pyrrhocoricin inhibits chaperone-assisted protein folding
[88]. In addition, pyrrhocoricin and its N-terminal half
block the inherent ATPase activity of DnaK [88]. The rest
of the peptide, especially the positively charged residues,
is needed for the peptide to enter into the cytoplasm. This
hypothesis is supported by the fact that the replacement
of the positively charged residues, Lys3, Argl4 and
Argl9, results in partial or complete loss of antibacterial
activity. Taken together, pyrrhocoricin, drosocin and api-
daecin are likely to carry independent modules for entry
into bacterial cells (in Gram-negative strains this takes
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Figure 2. Schematic representation of the published structure [122]
of the E. coli DnaK D-E helix fragment in a ball-and-stick model
and with the protein surface shown as semi-transparent. Red
residues correspond to those which were identified by a mutational
analysis to be important for pyrrhocoricin binding. The mutational
analysis failed to link the residue printed in blue (Ala591) as inter-
acting with the antimicrobial peptide, but associated the residue
printed in green (GIn604) with pyrrhocoricin binding. However,
GIn604 appears to be located outside the surface identified by the
rest of the important amino acids.

place by interacting with LPS) and binding to bacterial
DnaK [G. Kragol et al., unpublished data]. If GroEL
serves as a non-specific vehicle for intracellular traffick-
ing, small fragments of the peptides may be present to
enhance interaction with GroEL.

Conformation and role of the proline residues

Finally, we reached the question as to the roles played by
the increased number of proline residues in defining the
structure or function of these peptides. In simple struc-
ture-activity relationship studies, several Pro residues, in-
cluding Pro9 in apidaecin, were found to be responsible
for the antibacterial activity of the peptide [49, 89].

Consecutive prolines in a sequence usually assume a left-
handed polyproline II helix structure, as was shown for
the classical examples, the mucins [90]. Indeed, circular
dichroism spectra of Bac-5 [63, 91] and PR-39 [74] re-
semble that of polyproline II helices [92]. Drosocin [33]
and dipericin [54] also exhibit similar spectra, but with-
out the small positive band around 220 nm. The problem
is that these spectra also resemble that of polylysine at pH
5.7 in unordered conformation [93]. Higher-resolution
nuclear magnetic resonance spectroscopy (NMR) cannot
resolve the question, because the lack of intramolecular
hydrogen bonding renders the polyproline II conforma-
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tion of free peptides in solution indistinguishable in 'H-
NMR from an irregular backbone structure by [94]. Ac-
cordingly, no significant secondary structure was de-
tected for the polyproline II helical mucin peptides by
NMR [90] and, likewise, the predominantly unordered
structure of drosocin as detected by NMR [95] may, but
not necessarily, reflect the presence of an underlying
polyproline II helix conformation. In support of this, en-
ergy calculations of Bac-5 suggest a structure more ex-
tended than that of a polyproline IT helix [91]. Circular
dichroism (CD) and Fourier-transform infrared spec-
troscopy have been used to investigate the secondary
structure of PR-39 in the absence or presence of lipids
[74]. According to the CD data, this structure is not al-
tered upon incubation of PR-39 with negatively charged
vesicles, although the infrared spectra suggest that the hy-
drogen bond pattern is modified upon peptide-lipid inter-
action.

When studying the effect of the native disaccharide on the
conformation of drosocin, we observed subtle differences
in the small populations of folded conformers between
the glycosylated and non-glycosylated peptides [95]. In
particular, the turn at residues 10— 13 tends toward a more
extended structure upon glycosylation, while there is
some tightening of the downstream turn at residues 17
and 18. There are a significant number of nuclear Over-
hauser enhancement contacts between the sugar moiety
and the peptide near the glycosylation site, consistent
with a close association between them. On the basis of the
biological activity of drosocin fragments and the struc-
tural studies, we built a model in which we hypothesized
that the interaction of drosocin with its target protein may
involve the locally structured regions 4—7 and 17—19 and
that glycosylation may aid in correctly orienting these
separate binding regions. Like drosocin, the structure of
pyrrhocoricin appears to be largely random coil and there
is little change in the backbone conformation upon gly-
cosylation [35]. For pyrrhocoricin, however, there is a
subpopulation with organized structures at both the N
and C termini, indicating the presence of reverse turns at
the pharmacologically important terminal regions.

The general role of prolines in the cell-penetrating ability
of antibacterial peptides was studied in buforin I1 [96], a
histone H2A-derived peptide that kills bacteria by bind-
ing to nucleic acids [97]. Buforin and its truncated
analogs penetrate the cell membrane, but like the proline-
rich peptides do not permeabilize it. The sequence of bu-
forin II consists of 21 amino acid residues with a single
proline in mid-chain position [98]. The peptide penetrates
the bacterial cell membrane and accumulates in the cyto-
plasm, in contrast with proline-free magainin that re-
mains associated with the inner leaflet of the lipid bilayer
after translocation of the artificial membrane [99]. How-
ever, when the buforin single proline residue is replaced
with an alanine, the mode of action is changed from one
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featuring an intracellular target to magainin-type mem-
brane destruction [96]. Taken together, a proline hinge
was postulated, a key structural element for the cell-pen-
etrating property without permanent membrane associa-
tion. If a single proline can do the trick for buforin, the
multiple proline residues in the short, proline-rich pep-
tides should do it much more efficiently. An interesting
proposal is that the prolines might function as targeting
residues for a proline porter en route to the intracellular
uptake of apidaecin [56].

Although the size of pyrrhocoricin cannot be shortened
without a major loss of antibacterial activity [44], at least
against E. coli [100], the amino acids in the C-terminal
half can be more or less substituted, indicating that this
region is not involved in binding to the target protein
DnaK [G. Kragol et al., unpublished data]. No substitu-
tions are allowed in the N-terminal half. The architecture
of cathelicidins, the group to which peptides PR-39, Bac-
5 and Bac-7 belong, is remarkably similar. Bovine
myeloid cathelicidins carry precursors of broad-spectrum
antimicrobial peptides characterized by N-terminal am-
phipathic a helices and C-terminal hydrophobic tails
[101]. The C-terminal tails of the cathelicidins are not
needed for the antibacterial activity, with the truncated
peptides containing only the amphipathic helices being
equally active against a selection of both Gram-negative
and Gram-positive bacteria [101]. However, a 5- to 10-
fold higher concentration of the truncated analogs is re-
quired to achieve a kinetics of permeabilization compara-
ble with that of the respective parent peptides, likely indi-
cating a somewhat less effective initial interaction with
the target bacterial membranes [101]. Significantly, the
hydrophobic tail sequences (PVIPLLHR and PIIVPIIRI)
reveal remarkable similarities to C-terminal tails of
pyrrhocoricin (PPRPIYNRN), drosocin (SHPRPIRV)
and apidaecin (PHPRI). Apparently, no matter how the
peptides actually kill bacteria, the highly similar delivery
modules initiate a binding to the membrane surface and
help in the internalization of the peptides. Here we have
to return to the peneaidins. Assuming that the peneadin
proline-rich region is not directly responsible for the an-
timicrobial properties, a possible role of the prolines was
proposed to be membrane targeting [73]. Yet again, push-
ing this theme to the extreme, the prophenoloxidase-acti-
vating enzyme form the freshwater crayfish, Pacifastacus
leniusculus, is composed of a C-terminal serine pro-
teinase domain and an N-terminal glycine- and another
N-terminal proline-rich domain, the latter being highly
homologous to the short, proline-rich insect antibacterial
peptides [102]. If this sequence pattern can be a non-
functional part of a protein, it must carry a very general
secondary function, such as being the delivery, targeting
or conformational module.

The native proline-rich antibacterial peptides are not the
only polyamides that can penetrate into cells. The delta-
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sleep-inducing peptide, WAGGDASGE, was reported to
be able to permeate biological barriers, although it does
not cross the gastrointestinal epithelium-mimicking
Caco-2 cell layer system [103]. Other cell-penetrating
protein-derived peptides include penetratin, RQIKI-
WFQNRRMKWKK, signal-sequence-based peptides
exhibiting highly hydrophobic a-helical structures and
GRKKRRQRRRPPQ), corresponding to the 48—60 frag-
ment of the Tat protein from human immunodeficiency
virus-1 [104—107]. Synthetic analogs are transportan, the
amphiphilic model peptide made of oligomers of KLAL
and, most recently, a Tat analog made of S-amino acid
residues [108]. Newly described cell-penetrating pep-
tides come from virus proteins, leucine zipper proteins
and a yeast transcription factor [109]. Except for the he-
lical signal-sequence-based peptides, the common struc-
tural characteristic of these protein fragments and syn-
thetic constructs is the abundance of positively charged
residues, arginine and lysine, often allowing these pep-
tides to bind to not only negatively charged membrane
surfaces but nucleic acids as well (compare with buforin).
In fact, hepta- or octaarginine appears to be the best car-
rier for translocation of cargo into cells [109, 110]. How-
ever, increasingly efficient cell penetration is often ac-
companied by destruction of the cell membrane and,
hence, toxicity [111]. Remarkably, most of these cell-
penetrating peptides lack proline residues known to break
helices. Antimicrobial peptides with helical structures in
a lipid environment and organic solvents are associated
with membrane disintegration, as documented for a series
of such peptides including insect cecropin [112, 113].
Likewise, the above-listed cell-permeating peptides are
also helical in membrane environments [ 107]. In contrast,
drosocin fails to form a-helix structure, even in the
strongly helix promoting solvent trifluoroethanol [33].
Apparently, the positive charges in the short, proline-rich
antimicrobial peptides enhance bacterial cell entry [100],
and the interspersed prolines may prevent helix formation
and toxicity to the host.

Concluding remarks

Ideally, we hope to identify a protein present in bacteria
which is needed for the survival of the microorganism,
but is absent or non-homologous in human cells [114].
This target may form the basis of rational drug design ef-
forts, as was first suggested concerning apidaecin [32].
Some antibacterial peptides are known to act as inhibitors
of enzymes produced by the bacteria either by serving as
a pseudo-substrate or by tight binding to the active site
eliminating the accessibility of the native substrate [1].
Inhibition of chaperone-assisted protein folding by the
proline-rich cationic antibacterial peptides [88] appears
to represent a bold new way of fighting bacteria that are
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resistant to conventional antibiotics. It is necessary to
note here that specific amino acid combinations and con-
formational motifs that preferentially bind DnaK were se-
lected from peptide libraries [115, 116], and these amino
acid combinations strikingly resemble the common se-
quence motifs of pyrrhocoricin, drosocin and apidaecin.
Based on screening of these DnaK-bound libraries, DnaK
recognizes extended peptide strands within and positively
charged residues outside the substrate-binding cavity
[117], structural features clearly present in pyrrhocoricin.
Incidentally, two groups have reported peptide-binding at
the C-terminal area of DnaK, outside the conventional
peptide-binding pocket. One of these identified the
518—545 residue stretch, helix B, [118] that serves as part
of the multihelical lid over the peptide-binding pocket.
According to the other, the highly negatively charged ex-
treme C-terminal tetrapeptide of human Hsp70 binds a
peptide substrate and affects ATPase activity [119]. DnaK
shares only 50% sequence homology with eukaryotic
Hsp70 [120], with some well-conserved N-terminal re-
gions and some less conserved C-terminal ones [121].
The variable sequence domain of DnaK appears to offer
a sensible target for antibacterial peptide development,
and the pyrrhocoricin-drosocin-apidaecin peptide family
is an excellent starting point for these drug development
efforts. The sequence differences around the specific
pyrrhocoricin-binding site allow the design of strain-spe-
cific antimicrobial peptides and peptidomimetics.
Longer-term applications of the species-specific inhibi-
tion of chaperone-assisted protein folding include the
control not only of bacteria, but also fungi, parasites, in-
sects and, perhaps, rodents.
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