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Abstract: Developing of new lead structures against multidrug-resistant bacteria is an urgent need and cationic antimicrobial peptides
(AMPs) have the potential to become such a lead structure. Here we provide an overview of a method to screen peptides for antimicrobial
activity based on the SPOT synthesis. Three different strategies to study and optimize antimicrobial activity of peptides have been re-
ported, substitution analysis of known AMPs, scrambling of known AMPs, and screening peptide libraries for novel AMP sequences.
This screening method has great potential for discovery and optimization of novel antibiotics; many different peptides with low cytotox-
icity and superior activity against different pathogenic bacteria have already been discovered and selected candidates were successfully
tested in a mouse infection model using Staphylococcus aureus. The combination of this screening method together with quantitative
structure-activity relationship (QSAR) approach led to superior active peptide against several clinical isolates of different multidrug-
resistant bacteria. A variant of this screening method can also be used to discover peptides that are antimicrobial when attached to sur-
faces, a potentially important application for prevention of implant-associated infection.
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MULTIDRUG-RESISTANT BACTERIA

Conventional antibiotics are a pillar of modern medicine. With
their introduction, infections of individuals to great plagues caused
by pathogenic bacteria lost their horror, and in the world antibiotics
continue to save millions of lives every year. In Germany, 250-300
tons of antibiotics were used in human medicine and 750 tons in
veterinary medicine alone in the year 2007 [1]. However, the intro-
duction of conventional antibiotics to the market was closely fol-
lowed by antibiotic resistance, to the extent that there is now a
global threat of multidrug-resistant bacteria. Many bacteria that
adversely affect human health are multidrug-resistant to varying
degrees; these bacteria include methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant Enterococci (VRE),
multidrug-resistant Pseudomonas aeruginosa and Acinetobacter
baumannii [2, 3].

Bacterial resistance to conventional antibiotics is quickly be-
coming a global public health emergency, resulting in a push to
develop new treatment strategies and substances with novel modes
of action. One class of substances that may offer a last resort for
treating infections of multidrug-resistant bacteria is cationic antimi-
crobial peptides (AMPs) or also called host-defence peptides. The
most clinically advanced host-defence peptide at present is omiga-
nan, a derivative of indolicidin [4].

CATIONIC ANTIMICROBIAL PEPTIDES

Cationic AMPs, part of innate immunity, are associated with
many different forms of life, from plants to vertebrates [5]. Many
microbes are able to synthesize powerful antimicrobial peptides,
such as polymyxin B and gramicidin S, using multi-enzyme com-
plexes [6]. The cationic peptides of various bacteria and fungi aid in
the defence and maintenance of their ecological niche. AMPs form
a critical part of the invertebrate immune system; they are found in
hemolymph, phagocytic cells and different epithelial cells [7]. Ver-
tebrate AMPs are found on skin and mucosal surfaces, and within
granules of immune cells [8]. Amphibian skin is a rich source of
these peptides; for example, the skin of the frog Odorrana grahami
contains 107 different peptides [9].
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In recent years, it has become clear that cationic AMPs or host
defence peptides are not only able to kill Gram-positive and Gram-
negative bacteria, fungi, parasites and enveloped viruses, but can
also alter immune response in mammals [10-15]. They have been
used successfully in animal models, towards prevention of septic
shock, they have been shown to be chemotactic, promoting wound
healing and angiogenesis, and they have been found to selectively
modulate chemokine and cytokine production. Despite these find-
ings and the potential importance of these substances to human
health, the mode of action of these AMPs is not yet understood
[16]. Until now, the peptide function most studied has been antibac-
terial activity. The primary interaction site of these peptides with
bacteria is thought to be the bacterial membrane, but increasing
evidence suggests that many peptides may have internal cell targets
[17]. It has been shown that certain peptides inhibit RNA-, DNA-
and/or protein-synthesis, or inhibit enzyme activities, such as the
chaperone function of DnaK [17, 18].

In the event that peptides have an internal target, they must still
interact with the bacterial membrane; various models have been
developed to explain the interaction of host-defence peptides with
bacterial membranes, including the Barrel-Stave, Aggregate,
Carpet and Torodial Pore models [19]. Over 1000 different
naturally occurring peptides have been discovered, and are de-
scribed in different databases (http://aps.unmc.edu/AP/main.php,
http://www.bbcm.units.it/~tossi/pagl.htm). Some examples of natu-
ral cationic host-defence peptides are provided in Table 1. These
naturally occurring peptides show enormous variety in their se-
quences and structures (Fig. 1), sharing only some common fea-
tures, such as short length (12-60 amino acids), excess positive
charge and amphiphilicity. Based on shared properties, four broad
groups of antimicrobial peptides have been classified [20, 21]: (A)
B-stranded cysteine-containing peptides, which are stabilized by
two or more disulphide bonds (e.g. a- and B- defensins), (B) linear
molecules that fold upon membrane insertion into amphipathic
helices (e.g. insect cecropins, frog magainins and human LL-37),
(C) loop structures formed by one disulphide bridge, and often pos-
sessing tails (e.g. frog brevinin and bovine bactenecin), and (D)
extended structures that are Trp-, Pro- and/or His-rich (e.g. human
histatins and bovine indolicidin).

SCREENING APPROACHES

In order to screen large numbers of peptides, two different ap-
proaches can be used: biological or chemical synthesis. Both ap-
proaches can be used to synthesize and screen large numbers of
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Table 1.
Name Ref. Sequence* Source N. Ch. H (%) L.
Defensin-1 (HNP-1 56 ACYCRIPACIAGERRYCTCI - human, mammals, animals, Homo sapiens 3 53 30
¢ ( ) [56] YQGRLWAFCC ' ' ' P
) scorpions, arachnids, invertebrates, animals,
Androctonin [57] RSVCRQIKICRRRGGCYYKCTNRPY i 8 28 25
Androctonus Australis
) ) insect, honeybee, invertebrates, animals, Apis
Apidaecin IA [58] GNNRPVY 1PQPRPPHPRI X 4 23 18
mellifera L.
) frog, amphibians, animals, Litoria aurea and
Aurein 2.6 [59] GLFDIAKKVIGVIGSL L R . 1 56 16
Litoria raniformis
Bactenecin [45] RLCRIVVIRVCR cow, mammals, animals; Bos taurus 4 66 12
Bombinin [60] GIGALSAKGALKGLAKGLAEHFAN toad, amphibians, animals, yellow-bellied toad 3 50 24
Cecropin P1 61, 62 SWLSKTAKKLENSAKKRISEGIAL - ig, mammals, animals, Sus 5 35 31
p [61,62] AIQGGPR pig, : !
) Invertebrate, Sea squirt, tunicate, animals, Styela
Clavanin B [63] VFQFLGRI IHHVGNFVHGFSHVF clava 5 52 23
Ginkbilobin 64 ANTAFVSSAHNTQK1PA- Ginkgophyta, Ginkgoales, plant, Ginkgo biloba 4 47 40
[64] GAPFNRNLRAMLADLRONAAFAG gophyta, Ginkgoales, plant, Ginkg
Gramicidin S [65, 66] cyclo-(fPVOL), Bacilli, Bacillales, bacteria Bacillus brevis 2 60 10
Indolicidin [67, 68] 1LPWKWPWWPWRR-CONH, cow, mammals, animals; Bos taurus 3 53 13
Lfcing6 69 RRWOWR designed, corresponding to residues 4-9 of Lac- 3 33 5
en [69] Q toferrin B (PDB 1LFC)
LL37 70 LLGDFFRKSKEKIGKE human, mammals, animals, Homo sapiens 6 35 37
(7ol FKRIVQRIKDFLRNLVPRTES ' ' ' P
Magainin2 [71] GIGKFLHSAKKFGKAFVGE IMNS frog, amphibians, animals, Xenopus laevisskin 4 43 23
L insect, invertebrates, animals, insect, Honeybee
Melittin [72] GIGAVLKVLTTGLPAL ISWIKRKRQQ X X 5 46 26
venom, Apis mellifera
- fish, animals, Winter flounder, Pleuronectes
Pleurocidin [73] GWGSFFKKAAHVGKHVGKAALTHYL . 7 44 25
americanus
R1IDLLWRVRRPQKPKFVTVWVR i i
PMAP-23 [74] pig, mammals, animals, Sus 6 47 23
Polymyxin B [75] RD*TD*D*D*fLD*D*T Bacilli, Bacillales, bacteria Bacillus polymyxa
) crabs, crustacea, invertebrates, animals, Tachy-
Tachyplesin | [76] KWCFRVCYRG ICYRRCR . 6 47 17
pleus tridentatus
Temporin G [77] FFPVIGRILNGIL frog, amphibians, animals, Rana temporaria 1 61 13
VESP-VB1 [78] FMP I IGRLMSGSL insects, invertebrates, animal, Vespa bicolor 1 53 13
. . KTCENLAN-
VrD2 (Vigna radiata . . .
defensin 2) [79] TYRGPCFTTGSCDDHCKNKEHLRSGRC plant defensin, mung bean, Vigna radiata 5 29 47
RDDFRCWCTRNC

O = Ornithine, D* = diaminobutyric acid, *Small letter indicates D-Amino acid, Ref. = references, N. Ch. = netto charge, H (%) = percentage hydrophobic amino acids in a mole-
cule, L. = peptide chain length, most data were obtained from http://aps.unmc.edu/AP/main.php

peptides; however, one major advantage of using a biological syn-
thesis is the low price of each peptide, since it is ribosomally-
synthesized. Also, in a well-designed biological assay, highly ac-
tive peptides can be enriched by performing several rounds of
screening. Disadvantages of the biological approach include the
following: only gene-encoded amino acids may be used, limited
numbers of selected sequences permit only partial activity informa-
tion, biological peptide libraries are tricky to handle, and often
these libraries utilise peptides fused to proteins, rather than single,
independent peptide molecules. Biological techniques such as
phage display [22] and ribosome display [23] have been success-
fully used to screen for AMPs [24, 25].

Chemically synthesizing large numbers of peptides is less
straightforward than using a biological approach, since standard
fully automated peptide synthesis on resin following Boc- or Fmoc-
chemistry is not designed for large numbers of peptides. In an at-

tempt to solve this restriction, several different modified procedures
have been developed, including pin synthesis, digital photolithogra-
phy, tea bag synthesis and SPOT™ synthesis on cellulose [26-29].
These methods can incorporate more than 600 commercially-
available peptide building blocks, and it is possible to systemati-
cally investigate the interaction of interest; in this way, peptides can
easily be transformed to peptoids, a possible direction toward de-
veloping lead structures for new drugs.

SCREENING PEPTIDES FOR ANTIMICROBIAL ACTIV-
ITY USING SPOT SYNTHESIS

Peptide Synthesis

SPOT synthesis follows standard Fmoc-chemistry. It is a
method that permits synthesis of up to 8000 addressable peptides on
a cellulose membrane, in a highly parallel fashion [30, 31]. Small
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Fig. (1). Cartoon structures of antimicrobial peptides A) indolicidin in dodecylphosphocholine micelles (pdb code: 1G89) [53] B) Tachyplesin | in
dodecylphosphocholine micelles (pdb code: 1WO1) C) Piscidin 1 in sodium dodecyl sulfate micelles (pdb code: 20JO) [54] D) Kalata B1 bound to

dodecylphosphocholine micelles (pdb code: 1ZNU) [55].

Fig. (2). Large tray of a fully automated peptide synthesizer. The picture shows the large spots used for the antimicrobial assay.

spots (ca. 0.1 ul amino acid per spot) are ideal for binding assays,
such as with studying antibody epitopes [32, 33]. Larger spots (ca.
1.2 pl per spot) are ideal for biological assays in 96-well microtiter
plates [34]. On a sheet of cellulose (18x29 cm), 800-1000 large
peptide spots can be synthesized. In antimicrobial peptide screen-
ing, large spots (diameter ca. 0.6cm) and a glycine linker have been
used [35]; using the glycine as a linker between cellulose (hy-
droxyl-groups) and the first amino acid (carboxyl-group) yields a
high peptide density, up to 1.9 pmol/cm? [36].

Manual SPOT synthesis is easily integrated into a laboratory, as
it requires no special equipment; however, it is a labour-intesive
procedure. Manual SPOT synthesis is only used for synthesizing
and screening small numbers of peptides. Fortunately, SPOT syn-

thesis is now automated and can be used for screening much larger
numbers of peptides or peptide mixtures. Both semi- and fully
automated synthesizers are available for purchase (e.g. Intavis,
Kéln, Germany).

Peptide synthesis described for antimicrobial screening has
been performed on a fully automated system that uses a large tray
(Fig. 2) and glycine linkers. After the synthesis and final side chain
de-protection step, the ester bond between the glycine linker and the
cellulose is cleaved using ammonia gas, resulting in a peptide with
an amidated C-terminus [31]. The peptides are then punched out
and transferred into a 96-well microtiter plate, after which distilled
water is added to each well. Out of this stock solution, peptides can
then be used for different assays.



160 Mini-Reviews in Organic Chemistry, 2011, Vol. 8, No. 2

Kai Hilpert

A|C|D|E|F|G|H]|I

K|L|M

mAlE|g|m|=|<|<|=|R|=||=

Fig. (3). Substitution analysis for peptide Bac2A, a variant of the naturally occurring peptide bactenecin, modified from [37]. The first column shows the sin-
gle-letter code sequence of the original peptide Bac2A, the second and third rows show column number and amino acids, respectively, substituted at each
amino acid position. Results are colour-coded as follows: dark grey = equivalent activity compared to the parent peptide Bac2A, black = superior activity
compared to the parent peptide Bac2A, light grey = weaker activity compared to the parent peptide Bac2A, and white, indicating very little activity.

For each cellulose sheet, 1000 peptides can be synthesized over
four days in a fully automated manner, and around 90,000 peptides
per synthesizer per year. Fifteen different bacterial or fungal strains
can be used at different dilutions for each peptide, and up to seven
dilution steps have been reported, [37, 38] resulting in 1,350,000
possible dilution curves, and a total of 10,800,000 potential data
points showing the antimicrobial activity of each peptide against
different microbes. In order to manage this amount of data, a spe-
cial statistical toolbox has been developed [39].

Screening Peptides for Antimicrobial Activity

Peptides that are synthesized using SPOT technology can be
used in two slightly different assays. One assay is very sensitive
and fast (luminescence based), with a read-out time of four hours;
the downside is that it requires genetically modified bacteria [35].
The other assay is less sensitive (based on chemical stain) and in-
volves additional pipetting steps and a longer read out time, but it
can be used with all microbes (Mania, D., Hilpert, K., Ruden, S.,
Fischer, R. and Takeshita, N.; manuscript accepted at Appl Environ
Microbiol.). In the following, | will focus on the sensitive assay.

Previously, luminescence-based assays have been used with
great success to rapidly screen for antimicrobial substances [40-42].
To screen for antimicrobial peptides a bioluminescence assay was
used where the amount of available energy was monitored. The
bioluminescence reaction introduced by the luxCDABE gene cas-
sette is dependent on oxidation of reduced riboflavin mononucleo-
tide (FMNH,) and a long-chain fatty aldehyde. This gene cassette
was incorporated into the Pseudomonas aeruginosa genome [43].
Pseudomonas aeruginosa strain H1001, with a Tn5-luxCDABE
gene inserted into the fliC, grows normally and expresses lumines-
cence in abundance and, most importantly, in a constitutive fashion.
As long as the bacterium remains under good growth conditions,
light is produced. Any peptide that is able to interfere with the me-
tabolism and/or energy state of the bacterium is observed as de-
creased light production, since the level of FMNH, are conse-
quently reduced; this reaction has been shown to correspond very
well with bacterial mortality [37]. Bioluminescence can be meas-
ured in a microtiter plate reader set up for high throughput reading,
and the entire assay can be performed within four hours.

Screening Results

Three different strategies to study and optimize antimicrobial
activity of peptides have been reported up to now A) substitution
analysis of known AMPs, B) sequence scrambling of known AMPs,
and C) screening peptide libraries for novel AMP sequences. Sub-

stitution analysis provides insight into the positional importance of
each amino acid in a peptide sequence and its associated antimicro-
bial activity. Each position in the parent peptide sequence is ex-
changed against all other 19 gene-encoded amino acids. When sub-
stitution analysis indicates that a particular amino acid can only be
substituted with itself or very similar amino acids, without leading
to a loss of biological activity, this amino acid it is described as a
key amino acid. When substitutions lead to improved antimicrobial
activity, the amino acid in this position can be subsequently opti-
mized: two such substitution analyses have been performed [37,
44].

A) Substitution Analysis of Known AMPs

The peptide Bac2A (RLARIVVIRVAR) is a modified variant
of the naturally occurring peptide bactenecin (RLCRIVVIRVCR)
[45]. Bac2A and a scrambled variant of Bac2A, Bac034
(VRLRIRVAVIRA), were analyzed using luminescence-based
substitution analysis (Figs. 3 & 4). While both peptides were com-
prised of identical amino acids, had the same length, net charge and
number of hydrophilic and hydrophobic amino acids, their substitu-
tion analysis revealed divergent activity patterns: Bac2A could be
optimized at most of the positions, whereas Bac034 showed optimi-
zation possibilities mainly restricted to the C-terminus of the pep-
tide [37, 44]. In contrast to Bac2A, the important region of antimi-
crobial activity in Bac034 was in the core of the sequence, -IRV-,
where R represents a key amino acid. The C-terminal arginine was
important to the antimicrobial action of Bac2A, but the C-terminal
alanine in Bac034 was not and could be optimized. In the peptide
Bac2A, two valines, at positions 6 and 7 respectively, showed dif-
fering importance to antimicrobial activity: the valine at position 6
could only be substituted by 3 other amino acids, whereas valine 7
could be substituted by 8 other amino acids. This example high-
lights the possibilities for both broad and highly detailed identifica-
tion of amino acid positional and compositional importance for
achieving antimicrobial activity using substitution analysis. The
information from these two analyses has been used to develop
novel peptides with superior activity against different human
pathogenic microorganisms, including different bacteria and one
fungus [37, 44]. The resultant patented peptides have the potential
to become lead structures for novel antimicrobial drugs [46].

B) Sequence Scrambling of Known AMPs

The effect of a substitution at one position along a peptide can
be dependent on the positions of other amino acids, even when
located at a distance within the molecule (Fig. 5). This presents
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Fig. (4). Substitution analysis for Bac034, a scrambled variant of Bac2A, modified from [44]. The first column shows the single-letter code sequence of the
original peptide Bac034. The second and third rows provide column number and amino acids respectively in the single-letter code substituted at each amino
acid position. Results are colour-coded as follows: dark grey = equivalent activity compared to the parent peptide Bac034, black = superior activity compared
to the parent peptide Bac034, light grey = weaker activity compared to the parent peptide Bac034, and white, representing very little antimicrobial activity.
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Fig. (5). Comparison of three substitution analyses of a single position (underlined and bold) of three different peptides modified from [44]. The underlined
positions in the peptides represent substitutions. The first peptide is Bac2A and the other two peptides are different variants of Bac2A, where one position
(bold) was substituted by a trypthophan (W) or phenylalanine (F) respectively. Black boxes represent peptides with antimicrobial activity at least 30% stronger

than the parent peptide.

challenges to linear optimization of antimicrobial activity [44].
Based on the assumption that peptide sequence is important for
achieving antimicrobial activity, scrambled versions of a peptide
were expected to show either weak or no activity; otherwise, when
peptide sequence was unimportant for achieving antimicrobial ac-
tivity, scrambled peptides should have resulted in at least some
antimicrobial activity. Within a set of 49 scrambled Bac2A variants
activities ranging from superior to inactive were found, indicating
that antimicrobial activity was not solely dependent on the compo-
sition of amino acids, but rather required particular linear sequence
patterns that accounted for overall charge and ratio of hydropho-
bic/hydrophilic amino acids [44]. While suitable amino acid
composition, including charge and ratio of hydrophobic/hydrophilic
amino acids was necessary, it was not necessarily sufficient to pro-
duce antimicrobial activity.

C) Screening Peptide Libraries for Novel AMP Sequences

Novel sequences for antimicrobial activity can be discovered
using peptide libraries. A completely random peptide library with
200 members was synthesized and antimicrobial activity was de-
termined: 53% of the peptides showed weak antimicrobial activity,
and 47% were inactive [47, 48]. Two semi-random peptides librar-
ies, “A” and “B”, with 943 and 500 different peptides respectively,
were synthesized based on results described in [37, 44]; here, the
success rate was higher: in A and B, 3.2% of the peptides showed
superior activity, while 18.2% (A) and 26.7% (B) were active,
68.4% (A) and 61.1% (B) weakly active, and 10.2% (A) and 8.9%
(B) inactive. Since sequences of peptides in libraries can vary
greatly, these results demonstrate that peptide libraries can be used
to find novel antimicrobial peptides with therapeutic potential [47].

Further Analysis of Peptide Library Screening Results

A guantitative structure-activity relationship (QSAR) approach
can be applied to the results from peptide library screening in order
to discover additional novel AMPs [47]. QSAR studies are strongly
dependent on the available data set and descriptors used to train the

program towards model development. Descriptors are used to trans-
late the molecule or atom into meaningful numbers; for example,
amino acid or peptide charge can be easily transformed in this way.
The data sets produced by the luminescence based screening assay
reviewed here deliver ideal training sets for QSAR studies, since
the antimicrobial activity level of each peptide is distinct and
known. Another particular advantage of combining the screening
assay described here with QSAR is that predicted peptides can be
easily synthesized and antimicrobial activity determined, in order to
test the model’s predictive powers.

The data sets presented here included superior activity, active,
weakly active and inactive peptides, and QSAR was performed
using 'inductive' descriptors [47]. This inductive set of QSAR de-
scriptors was recently developed to introduce full 3-D-sensitive
properties of peptides. This may dramatically improve peptide
activity prediction, by allowing model construction that incorpo-
rates a wide range of peptide diversity, rather than a narrow range
of nearly identical peptides. Inductive QSAR descriptors have been
used previously: from an extensive set of 2686 chemical structures,
up to 97% separation accuracy was observed for the three types of
molecular antimicrobial activities [49]. These novel descriptors
have been used in different types of models for classification, and,
in some cases, such as with artificial neural networks (ANNS), pre-
dictions are generally more accurate, followed closely by the appli-
cation of k-nearest neighbors methods [50].

Data sets A and B were used to train ANN using inductive de-
scriptors. After reaching a plateau in the learning curve, 100,000
virtual peptides were first analyzed and ranked according to their
predicted activity, then divided into four parts. The top 50 peptides
from each quartile were synthesized and antimicrobial activity was
determined: accuracy in identifying high activity peptides was 94%
[51]. Several of these novel peptides were highly active against 19
different multidrug-resistant strains of eight species of “superbugs”
that have been very problematic in clinical settings [47]. The effect
of antimicrobial peptides identified by QSAR has also been demon-
strated in a mouse infection model, using S. aureus (ATCC 25923):
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all mice survived infection when treated with an antimicrobially
active peptide [47]. Hemoltytic assays performed with these pep-
tides showed a very weak effect, and very low toxicity was found in
human peripheral blood mononuclear (PBMC) cells [47].

Another potential application of QSAR is screening for peptides
that are antimicrobial while tethered to a surface. This particular
application can be very useful for designing surfaces coated with
novel antimicrobials, such as with surgical implants [52].

SUMMARY

Multidrug-resistant bacteria pose a substantial risk to human
health. Cationic antimicrobial peptides are gaining attention for
their potential to treat such bacterial infections. Understanding the
sequence requirements of short cationic AMPs will bring research
much closer towards the drug development stage; different screen-
ing approaches can be applied to achieve this. The SPOT technol-
ogy, a rapid, fully automated procedure, can be used to chemically
synthesize large numbers of peptides or peptide mixtures. The re-
sultant peptide libraries can then be used to screen for antimicrobial
activity, using luminescence gene-encoded bacteria (fast and sensi-
tive method) or wild type bacteria which then will be counted or
stained (slow and relative insensitive). The data arising out of this
assay can be used to establish sequence requirements of short
AMPs, as well as build predictive computer models (e.g. using
QSAR) to discover additional novel AMPs.
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