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Structure-activity relationship study of anoplin
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Abstract: Anoplin is a decapeptide amide, GLLKRIKTLL-NH2 derived from the venom sac of the solitary spider wasp, Anoplius
samariensis. It is active against Gram-positive and Gram-negative bacteria and is not hemolytic towards human erythrocytes. The
present paper reports a structure-activity study of anoplin based on 37 analogues including an Ala-scan, C- and N-truncations,
and single and multiple residue substitutions with various amino acids. The analogues were tested for antibacterial activity
against both S. aureus ATCC 25923 and E. coli ATCC 25922, and several potent antibacterial analogues were identified. The
cytotoxicity of the analogues against human erythrocytes was assessed in a hemolytic activity assay. The antibacterial activity
and selectivity of the analogues against S. aureus and E. coli varied considerably, depending on the hydrophobicity and position
of the various substituted amino acids. In certain cases the selectivity for Gram-positive and Gram-negative bacteria was either
reversed or altogether eliminated. In addition, it was generally found that antibacterial activity coincided with hemolytic activity.
Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The widespread and indiscriminate use of antibiotics
since their discovery in the 1930s has necessitated
a dramatic change in how we treat what once were
controllable diseases, but which now require renewed
attention. Drug resistance is quickly becoming a world
issue on many fronts, requiring extensive research to
develop more advanced and inevitably costly antibacte-
rial agents which give no long term guarantee against
the emergence of resistant pathogens (e.g. viral, bac-
terial, fungal, protozoa, etc.) [1,2]. The pressing search
for antibiotic/antibacterial agents has generated over
the past 70 years approximately 150 drugs, limited to a
handful of target sites and a small family of antibiotics
dominated by β-lactams, tetracyclines, aminoglyco-
sides, macrolides, sulfonamides and quinolones [3–5].

Abbreviations: ACTH, adrenocorticotropic hormone; ATCC, American
type culture collection; ATR-FTIR attenuated total reflectance Fourier
transform infrared spectroscopy; Boc, tert-butyloxycarbonyl; CFU,
colony forming unit; CPD, citrate-phosphate-dextrose; DIEA, diiso-
propylethylamine; DIPCI, N ,N ′-diisopropylcarbodiimide; EC50, concen-
tration required for 50% hemolysis; GRAVY, grand average of hydropho-
bicity; 〈H〉, mean hydrophobicity; HOBt, 1-hydroxybenzotriazole;
LC-MS, liquid chromatography mass spectroscopy; MALDI-TOF-
MS, matrix-assisted laser desorption/ionization time-of-flight mass
spectroscopy; MIC, minimum inhibitory concentration; MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; NMP, N-
methyl-2-pyrrolidone; Pbf, 2,2,4,6,7-pentamethyldihydrobenzofuran-
5-sulfonyl; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PG, phosphatidylglycerol; SM, sphingomyelin; TBTU, N-[(1H-
benzotriazol-1-yl) (dimethylaminomethylamino) methylene]-N-methyl
methanaminium tetrafluoroborate N-oxide; TFA, trifluoroacetic acid;
TFE, trifluoroethanol; TIS, triisopropylsilane; Trt, triphenylmethyl; 〈µH〉,
Eisenberg mean hydrophobic moment.
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Though some success has been achieved in circum-
venting and deactivating resistance mechanisms [6,7],
eventually the flexibility and adaptability of pathogens
will make these new drugs obsolete [8], unless restric-
tive measures are taken [9,10]. Our main goal therefore
should be to extend the life of existing antibacterial
drugs, as well as to continue research to improve our
understanding of the relationship to these potential
pathogens [11]. Therefore, the search for alternative
modes of action which could slow down the alarming
trend of resistance is vital. With a better understanding
of drug resistance mechanisms, as well as an appre-
ciation of the biological cost of antibacterial resistance
modifications [12,13], alternate modes of action begin
to emerge based on more fundamental and primitive
innate defence mechanisms in the form of cationic
antimicrobial peptides [14,15], originally discovered
as the main defence mechanism of insects [16,17].
These relatively low-molecular weight peptides were
later found to be present in all living organisms, some-
times in surprisingly large quantities freely circulating
or sequestered in inducible compartments throughout
the organism [18]. These peptides are generally clas-
sified into four major groups according to sequence
and secondary structure. They generally possess a net
positive charge, are composed of 10–40 amino acids
and are amphipathic. They are often remarkably active
against a large number of different pathogens; Gram-
positive and Gram-negative bacteria, fungi [19], viruses
[20], parasites [21] and cancer cells [22].

Despite their small size, cationic antimicrobial
peptides have demonstrated antibacterial activity, as
well as involvement in many physiological processes
[14]. In addition to being important components of the
innate immune response, antimicrobial peptides also
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mediate the adaptive immune response by, for example,
inducing mast cell degranulation, or acting as receptor
mediated chemo-attractants [14,23], and they have the
ability, for example, to block the biological effects of
a lipopolysaccharide induced inflammatory response
[24,25]. The classical view of antimicrobial peptides
possessing an indiscriminate membrane detergent
mode of action is replaced with a better understanding
of the complex interactions of peptides with membrane
environments, and the factors contributing to their
activity [26].

The perpetual search for novel cationic antimicrobial
peptides as lead structures obtained from natural
sources has recently revealed interesting candidates
from wasp venom [27,28]. Anoplin, GLLKRIKTLL-NH2 is
one of the major components isolated from the venom
sac of the solitary spider wasp, A. samariensis, and
is the smallest linear α-helical antimicrobial peptide
found to date, with only 10 residues. Though no
crystal structure of anoplin is yet available, it has been
possible to determine a plausible solution structure
from the CD spectrum, which indicates a high α-helix
content in 50% trifluoroethanol; this is supported by
molecular modeling based on homology with crabrolin
[27] and mastoparan-X [29]. The amphipathic character
of anoplin can also be shown by representing it as a
helical wheel (Figure 1). Like crabrolin and mastoparan-
X, anoplin is a potent mast cell degranulator, and shows
a broad spectrum of antimicrobial activity in low-salt
media against both Gram-positive and Gram-negative
bacteria. Furthermore, the hemolytic activity of anoplin
towards human erythrocytes is very low.

A number of substitution and truncation analogues
of anoplin were synthesized and tested for antibacterial
and hemolytic activity. From the experimental data
obtained, an attempt was made to determine whether
there were correlations between the empirical data
observed (CD spectra, MIC activity and hemolysis)
and the semi-empirical data (hydrophobicity and
amphipathicity) which could help to explain the activity
observed [30].
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Figure 1 Helical wheel representation of anoplin emphasiz-
ing the amphipathic character of this α-helical peptide with
segregation of the hydrophobic (L, I) and hydrophilic (R, K, T)
amino acids.

MATERIALS AND METHODS

HPLC

Analytical HPLC was performed using a Waters C18-reverse-
phase column (Delta-Pak 100 Å 15 µm, Millipore) on a Waters
600E system equipped with Millennium software. Samples
were chromatographed at a flow-rate of 1.5 ml/min starting
with 0.1% aqueous TFA (buffer A) for 10 min and increasing
over 45 min to 0.1% TFA in CH3CN/H2O (9 : 1, buffer B),
detection at 220 nm.

Preparative HPLC was done on a Waters C18-reverse-
phase column (SymmetryPrep, 7 µm, Millipore). Samples
were initially chromatographed at a flow-rate of 1 ml/min
starting with buffer A/buffer B (9 : 1) for 10 min and increasing
over 60 min to buffer A/buffer B (4 : 6) and finally to buffer B
over an additional 8 min. Flow-rate was 4 ml/min, detection
at 220 nm.

Chemicals

TentaGel S RAM resin (loading 0.24 meq/g) from RAPP Poly-
mers (Tübingen, Germany); TFE from ACROS (Geel, Belgium);
DIEA, α-cyano-p-hydroxycinnamic acid and MTT from Aldrich
(Steinheim, Germany); HOBt, TBTU and protected amino acids
were purchased from PerSeptive Biosystems (Hamburg, Ger-
many), Novabiochem (Läufelfingen, Switzerland) and Bachem
(Bubendorf, Switzerland); phenol, piperidine, anhydrous ampi-
cillin and TIS were obtained from Fluka (Buchs, Switzer-
land); L-α-aminobutanoic acid, BSA, Triton X-100, ACTH and
Substance P were obtained from Sigma (St Louis, USA);
phenylisothiocyanate from Pierce (Rockford, USA); TFA from
Merck (Schuchardt, Germany). All starting chemicals were
used without further purification.

MALDI-TOF-MS and LC-MS

MALDI-TOF-MS was done on a VG T of Spec E Fisons
instrument, using α-cyano-p-hydroxycinnamic acid as matrix.
Substance P and ACTH were used as calibrants.

LC-MS was done on a Bruker Esquire Mass Spectrometer.
The LC part consisted of a HP 1100 equipped with a Vydac C18
column (cat. #238MS215) and a diode array detector. Samples
were chromatographed at a flow-rate of 0.25 ml/min starting
with 0.1% aqueous TFA (buffer A) and increasing over 25 min
to 0.1% TFA in CH3CN/H2O (4 : 1, buffer B), finally increasing
to buffer B over 10 min, detection at 220 nm.

Amino Acid Analysis

Amino acid analysis was performed on a Waters PicoTag
[31] analyser, after samples were hydrolysed with 6 M

aqueous HCl and 0.1% phenol at 110 °C and derivatized with
phenylisothiocyanate. The concentration of each antibacterial
solution was determined by including a standard, L-α-
aminobutanoic acid.

Materials

Sterile 96-well polypropylene plates were from COSTAR, Corn-
ing Incorporated, (Corning, USA); sterile 96-well polystyrene
microtiter plates were from Nunc (Roskilde, Denmark);
Mueller-Hinton broth was from Fluka (Buchs, Schwitzerland).
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Freshly drawn human erythrocytes in CPD (citrate-phosphate-
dextrose) buffer was obtained from Rigshospital Blood bank,
(Copenhagen, Denmark).

Peptide Synthesis

Peptide syntheses were performed using standard Fmoc-
chemistry procedures on 50 mg Tenta Gel S RAM resin. The
following side-chain protections of amino acid derivatives were
used: Pbf for Arg; Trt for Asn; But for Thr; Boc for Trp and
Lys. The amino acid (3 equiv.) together with TBTU (2.9 equiv.),
HOBt (3 equiv.) and DIEA (6 equiv.) in NMP were coupled
for 40 min followed by a 20 min second coupling. Following
synthesis, the peptidyl-resin was washed with NMP, EtOH
and ether and dried in vacuo. The resin was treated with
TFA/H2O/TIS (95 : 2.5 : 2.5, 2 ml) for 2 h, filtered, and washed
with neat TFA (2 ml). TFA was removed by evaporation and the
product precipitated in ether. After filtration the product was
washed with ether (3 × 2 ml), dried and lyophilized from 10%
aqueous acetic acid.

Purification and Characterization of Peptides

Following synthesis, the products were purified by preparative
HPLC, lyophilized and the masses were verified by MALDI-
TOF-MS or LC-MS as described in the general section.
Stock solutions of the peptides were dissolved in 1% DMSO
to a concentration of approximately 1 mg/ml. The exact
concentration was determined by amino acid analysis. These
stock solutions were used for antibacterial testing, hemolytic
activity studies and CD spectroscopy.

Antibacterial Activity

Strains used for determining antibacterial activity included
the two American Type Culture Collection (ATCC) strains E.
coli ATCC 25922 and S. aureus ATCC 25923. The MIC of
each peptide was determined using a broth micro-dilution
assay modified from the method of Hancock [32]. Further
dilutions of the stock solution to ten times the required test
concentration were made to reach a final concentration of
0.2% bovine serum albumin and 0.01% acetic acid. Serial
two-fold dilutions of the peptides were made in 0.2% bovine
serum albumin and 0.01% acetic acid in sterile 96-well
polypropylene microtiter plates. To each well was added
100 µl of the test bacteria in Mueller-Hinton broth to a final
concentration of ∼2 × 105 cfu/ml and 100 µl of the peptide
in the different concentrations. Following the addition of
MTT [33] (10 µl, 3 mM), the MIC of each peptide was read
as the lowest concentration of peptide that inhibited visible
growth of the bacteria after 24 h of incubation at 37 °C. All
MIC determinations were performed in duplicate, and are the
average of three independent determinations with ampicillin
(S. aureus MIC = 2–4 µg/ml and E. coli MIC = 8–16 µg/ml)
as control. All MIC values were corrected following amino
acid analysis concentration determination of the stock peptide
solution.

Hemolytic Activity Study

Freshly drawn human erythrocytes in CPD solution were
washed three times (3000 rpm) with a cold solution of

PBS (0.15 M phosphate buffer/0.15 M NaCl (pH 7.0)). The
erythrocytes were diluted to a final concentration of 0.5%
in PBS. Serial two-fold dilutions of the peptide (75 µl) were
added to each well of a polypropylene microtiter plate followed
by addition of 75 µl of human erythrocytes in PBS to final
peptide concentrations ranging from 128 mM to 2 mM. The
microtiter plates were allowed to incubate at 37 °C for 1 h
and centrifuged 10 min at 4000 rpm. The supernatant (60 µl)
of each well was then transferred to a new polystyrene
microtiter plate and the absorbance was read at 414 nm
on an ELISA-reader. The blank is evaluated from PBS
(APBS) and 100% hemolysis in the presence of 0.1% Triton
X-100 (ATritonX). The hemolysis percentage was calculated
as follows [34]: [(Apeptide − APBS)/(ATritonX − APBS)] × 100. All
hemolysis determinations were performed in duplicate and
are the average of two independent determinations. Peptide
concentrations causing 50% hemolysis (EC50) were determined
from the dose-response curves.

CD Spectroscopy

CD spectra were recorded at 25 °C on a Jasco J10 spec-
tropolarimeter. Peptides were dissolved to a final concen-
tration of 62 µM in either 10 mM phosphate buffer pH 7.0
or 10 mM phosphate buffer pH 7.0 containing 50% TFE.
Scans between 280 nm–195 nm were made in a 0.1 cm
cell. Following baseline correction, the observed ellipticity
θ (mdeg) was converted to the mean residue ellipticity [�]
(deg cm2/dmol), using the relationship = 100θ/(lcn), where
l is the path length, c is the molar concentration and n
the number of residues in the peptide [28]. The percentage
α-helicities of the peptides were determined from the mean
residue ellipticity [�] at 222 nm according to the relation %
α-helix = −100(�222 + 3000)/33 000 [35].

RESULTS AND DISCUSSION

Peptide Design and Synthesis

The evaluation of individual amino acid contributions
to the overall structure, antibacterial activity and
selectivity was feasible due to the shortness of
anoplin. Standard alanine-positional scanning, as
well as C- and N-terminus truncation analogues
were synthesized and tested for activity (Table 1).
Based on the MIC values obtained compared with
the parent peptide, and helical wheel prediction of
amphipathicity, a first generation of analogues were
synthesized to evaluate the individual amino acid
contributions responsible for the observed MIC values.
A total of 38 peptides were synthesized (including the
Ala-scan and truncations) by standard Fmoc solid
phase peptide chemistry [36]. The crude peptides
were purified by preparative RP-HPLC and identities
of the final products were confirmed by MALDI-TOF
MS. A stock solution of each peptide was made
and its exact concentration determined by amino
acid analysis for MIC determinations, toxicity against
human erythrocytes and CD spectroscopy using 50%
TFE as the structure-inducing co-solvent.
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Table 1 Anoplin and Analogues

Peptide Sequence Calc. MW Obs. MW MIC (µg/ml) EC50 Mean Mean

S. aureus E. coli
(µg/ml) hydrophobicityb

〈H〉
hydrophobic
moment 〈µH〉

Anoplin G L L K R I K T L L-NH2 1152.5 1154.3 13 26 —a −0.113 0.366

ano-A1 A L L K R I K T L L-NH2 1166.5 1167.8 >21 >21 — −0.104 0.358

ano-A2 G A L K R I K T L L-NH2 1110.4 1110 >43 >43 — −0.141 0.346

ano-A3 G L A K R I K T L L-NH2 1110.4 1111.6 >38 >38 — −0.141 0.351

ano-A4 G L L A R I K T L L-NH2 1095.4 1096 28 16 — 0.022 0.248

ano-A5 G L L K A I K T L L-NH2 1067.4 1067.9 10 5 161 0.088 0.373

ano-A6 G L L K R A K T L L-NH2 1110.4 1112 >41 >41 — −0.161 0.318

ano-A7 G L L K R I A T L L-NH2 1095.4 1097.7 11 11 132 0.022 0.375

ano-A8 G L L K R I K A L L-NH2 1122.5 1122.5 8 16 97 −0.07 0.325

ano-A9 G L L K R I K T A L-NH2 1110.4 1112 >31 49 — −0.141 0.354

ano-A10 G L L K R I K T L A-NH2 1110.4 1112 >48 >48 — −0.141 0.343

ano-10 G L L K R I K T L-NH2 1039.4 1040 >43 >43 — −0.184 0.361

ano-9-10 G L L K R I K T-NH2 926.2 928 >23 >23 — −0.274 0.375

ano-8-10 G L L K R I K-NH2 825.1 826 >28 >28 — −0.287 0.403

ano-7-10 G L L K R I-NH2 696.9 698 >38 >38 — −0.152 0.493

ano-6-10 G L L K R-NH2 583.8 585 >31 >31 — −0.328 0.467

ano-1 L L K R I K T L L-NH2 1095.5 1096 >60 60 — −0.143 0.421

ano-1-2 L K R I K T L L-NH2 982.3 982.7 >31 >31 — −0.228 0.429

ano-1-3 K R I K T L L-NH2 869.1 871.6 >61 >61 — −0.336 0.444

ano-5V G L L K V I K T L L-NH2 1095.5 1096.2 3 3 60 0.117 0.383

ano-5L G L L K L I K T L L-NH2 1109.5 1111 2 2 13 0.116 0.383

ano-5I G L L K I I K T L L-NH2 1109.5 1110.7 2 2 29 0.136 0.391

ano-5F G L L K F I K T L L-NH2 1143.5 1142.9 2 2 77 0.124 0.386

ano-5N G L L K N I K T L L-NH2 1110.4 1111 69 34 — −0.001 0.356

ano-5W G L L K W I K T L L-NH2 1182.5 1183.7 2 2 7 0.1 0.377

ano-5K G L L K K I K T L L-NH2 1124.5 1125 22 16 — −0.047 0.356

ano-8V G L L K R I K V L L-NH2 1150.5 1151.6 22 22 310 −0.041 0.297

ano-8L G L L K R I K L L L-NH2 1164.6 1164 7 13 81 −0.042 0.298

ano-8I G L L K R I K I L L-NH2 1164.5 1164.4 14 9 119 −0.022 0.279

ano-8F G L L K R I K F L L-NH2 1198.6 1200.3 8 8 98 −0.034 0.291

ano-8N G L L K R I K N L L-NH2 1165.5 1167.8 12 22 381 −0.159 0.41

ano-8W G L L K R I K W L L-NH2 1237.6 1238 4 2 98 −0.058 0.313

ano-8K G L L K R I K K L L-NH2 1179.6 1181 5 10 — −0.205 0.455

ano-1K K L L K R I K T L L-NH2 1223.6 1224.2 >24 24 312 −0.239 0.473

ano-5V8V G L L K V I K V L L-NH2 1093.5 1094 14 28 32 0.189 0.344

ano-1K5F K L L K F I K T L L-NH2 1214.6 1215.2 7 3 231 −0.002 0.440

ano-1K8K K L L K R I K K L L-NH2 1250.7 1250.8 28 37 369 −0.331 0.564

ano-1K5V8K K L L K V I K K L L-NH2 1193.7 1195 9 6 231 −0.101 0.438

a Indicates no hemolysis was observed within the concentration range tested.
b Eisenberg consensus scale was used to calculate both mean hydrophobicity and hydrophobic moment.

Antibacterial Studies

The antibacterial activity of the peptides was tested on
E. coli ATCC 25922 and S. aureus ATCC 25923 by the
micro-dilution method [32]. The MIC values obtained
are listed in Table 1. The MIC values for the lead struc-
ture were 13 µg/ml for S. aureus and 26 µg/ml for
E. coli, demonstrating a clear 2-fold selectivity for S.
aureus.

Alanine-positional Scanning

The Ala-scan identified 6 of 10 residues (ano-A1, ano-
A2, ano-A3, ano-A6, ano-A9, ano-A10) with MIC values
>21–48 µg/ml for both bacterial strains which were
important for maintaining activity comparable to the
lead structure. Improved MIC values were observed for
analogues: ano-A5, ano-A7 and ano-A8 ranging over
8–11 µg/ml for S. aureus and 5–16 µg/ml for E. coli
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(improved MIC values were observed for ano-A4 against
E. coli). This can be explained by the increase in the
Eisenberg mean hydrophobicity 〈H〉 which measures
the average hydrophobicity of amino acids in a peptide
segment [37] (see Table 2 and Figure 2) compared with
anoplin. Interestingly, there is a certain degree of
selectivity reversal in the case of ano-A4 with a 1.5-fold
improvement for E. coli and a 2-fold worsening for S.
aureus with respect to anoplin. Selectivity reversal was
also observed for ano-A5 with a minor improvement
for S. aureus and a 5-fold improvement for E. coli.
Peptide ano-A7, on the other hand abolished selectivity
for either bacterium with a 2.3-fold improvement for E.
coli and little improvement for S. aureus compared with
anoplin.

Finally, ano-A8 demonstrated a 1.6-fold improvement
over anoplin for both E. coli and S. aureus while
maintaining the same selectivity as anoplin; this may
be explained by the similarity and slightly increased
mean hydrophobicity compared with anoplin (〈H〉 =
−0.070 vs−0.113, respectively). Generally, improved
MIC activity compared with anoplin had a larger
beneficial effect against E. coli than S. aureus, clearly
demonstrating membrane affinity for the peptides
according to the mean hydrophobicity as one of
the determining factors. Additional information is
obtained from the correlation (r2 = 0.906) of RP-
HPLC retention times with mean hydrophobicity for
the Ala-scan analogues (see Table 3). As a general
observation, substitution of hydrophobic residues
resulting in Ala analogues with 〈H〉 = ≤ −0.104 did

Table 2 Ala-Scan Peptides of Interest

Peptide Amino MIC µg/ml Mean
acid

substituted S. aureus E. coli
hydrophobicity

〈H〉

ano-A4 Lysine 28 16 0.022
ano-A5 Arginine 10 5 0.088
ano-A7 Lysine 11 11 0.022
ano-A8 Threonine 8 16 −0.07

Table 3 Anoplin Ala-scan Correlation of Retention Time and
Mean Hydrophobicity

Peptide Retention
time (min)

Mean
hydrophobicity 〈H〉

ano-A5 17.4 0.088
ano-A7 17.2 0.022
ano-A4 16.9 0.022
ano-A8 16.2 −0.07
ano-A1 14.9 −0.104
ano-A9 14.8 −0.141
ano-A3 14.4 −0.141
ano-A10 14.3 −0.141
ano-A2 14.1 −0.104
ano-A6 14.1 −0.161

not demonstrate any MIC activity over the test
concentrations used.

C- and N-Terminus Truncations

The next part of the study of anoplin was the C-
and N-terminus truncations. All truncated analogues
gave MIC values >23–61 µg/ml for both classes of
bacteria (see Table 1). Based on the MIC values
obtained, it was decided that for the purposes
of this study, the size of the peptide analogues
would be restricted to 10 amino acids. The lack
of any activity or selectivity for either bacterial or
mammalian cells is correlated with the low mean
hydrophobicities for all truncated peptides compared
with anoplin. The lack of activity observed for all
membrane types by these short peptides can be
explained by their inability to form a secondary α-helix
structure.

First Generation Analogues: Single Amino Acid
Substitutions

Based on the above results, a series of first generation
substituted analogues was designed. The focus of this
first study was directed towards residues, Arg5 and
Thr8 based on the improved antibacterial activity of
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Figure 2 Helical wheel representation of first generation peptides, 〈H〉 = mean hydrophobicity.
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peptides ano-A5 and ano-A8 compared with anoplin.
The amino acid substitutions were chosen to study the
range of effects possible by substituting more and less
hydrophobic amino acids than alanine.

A good correlation was observed between the RP-
HPLC retention times and the mean hydrophobicities
(r2 = 0.855) of Arg5 analogues (see Table 4). The MIC
values for analogues ano-5I, ano-5F, ano-5V, ano-5L
and ano-5W were improved by comparable amounts
(ranging from MIC = 2–3 µg/ml) despite the difference
in hydrophobicity of the substituted amino acids
(see Table 5) [38], while at the same time completely
eliminating the selectivity for S. aureus compared
with anoplin. In this case, it can be deduced that a
reduced overall charge and an increased amount of
hydrophobicity was a factor in increasing membrane
activity.

There was no obvious correlation between hydropho-
bicity and MIC values observed for the Thr8 residue
substitutions. On the other hand, there was more vari-
ation in activity ranging from 4–22 µg/ml for S. aureus
and 2–22 µg/ml for E. coli compared with Arg5 sub-
stitutions. The position of Thr, viewed on a helical
wheel (see Figure 2) is expected to greatly influence
the hydropathic moment depending on the type of
amino acid substituted. This is clearly demonstrated by
comparing the mean hydrophobic moments 〈µH〉 [37]

Table 4 Retention Time and Mean Hydrophobicity Correla-
tion of Arg5 Substitution Analogues

Peptide Retention
time (min)

Mean
hydrophobicity 〈H〉

ano-5L 19.3 0.116
ano-5I 19.2 0.136
ano-5V 19 0.117
ano-5F 16.4 0.124
ano-5W 16.4 0.1
ano-5N 15.8 −0.001
ano-5K 12.3 −0.047

Table 5 Hydrophobicities of Arg5 Analogues

Peptide MIC µg/ml Mean

S. aureus E. coli
hydrophobicity 〈H〉

ano-5I 2 2 0.136
ano-5F 2 2 0.124
ano-5V 3 3 0.117
ano-5L 2 2 0.116
ano-5W 2 2 0.1
ano-A5 10 5 0.088
ano-5N 69 34 −0.001
ano-5K 22 16 −0.047

of Arg5 substitutions (ranging from 〈µH〉 = 0.36–0.39)
compared with similar substitutions for Thr8 (ranging
from 〈µH〉 = 0.29–0.46). In addition to displaying a large
range of MIC values, the selectivity also undergoes sig-
nificant changes. A 2-fold preference for S. aureus by
ano-8L and ano-8K, and an almost 2-fold preference for
E. coli by ano-8I and ano-8W were observed, while loss
of selectivity was observed for ano-8V and ano-8F. The
best MIC values for this series were observed for the two
aromatic side groups (ano-8F and ano-8W) which are
known to impart an additional anchoring effect within
lipid membranes [39,40] and the additional selectivity
for prokaryotic cells contributed by the increased over-
all charge from ano-8K. Little change was observed for
Asn residue substitution compared with the anoplin. A
possible explanation may be that ano-8N, as the only
other amino acid with an uncharged polar-side chain
probably interacts similarly to Thr residue in the parent
peptide. A similar explanation can be applied to ano-
8K which displays the same selectivity compared with
anoplin, though in this case with an improved MIC.

Substituting an additional basic group for Gly1, ano-
1K (see Figure 3), resulted in a more than 2-fold
increase in MIC against S. aureus and essentially no
change against E. coli. An additional positive charge
at the N-terminus and a resulting 〈H〉 = −0.239 clearly
has a negative effect on the peptide activity.

Multiple Amino Acid Substitutions

Substitutions for Gly1 and/or Arg5 and Thr8 resulted
in significant changes in MIC and selectivity compared
with anoplin. Substituting both Arg5 and Thr8 with
Val (ano-5V8V) had only a slight worsening effect
(compared with anoplin) and resulted in regenerating
the 2-fold S. aureus selectivity compared with individual
substitutions with Val (ano-5V and ano-8V). Although
substituting Gly1 → Lys (ano-1K) alone resulted in a
loss of activity against S. aureus, the activity can be
completely regained by substitution of Arg5 → Phe or
Val (ano-1K5F and ano-1K5V8K) which is the same
pattern observed for the single substitutions mentioned
above, where Arg5 alone was substituted (see Table 1).

Substituting Gly1 and Thr8 with Lys (ano-1K8K)
resulted in a worsening of E. coli and only a slight
improvement for S. aureus compared with the single
substitution ano-1K. On the other hand, if Arg5 is also
substituted (ano-1K5V8K), activity is greatly improved.
The calculated overall charge at pH 7 of ano-1K8K
is +4.91 while that of ano-1K5V8K and ano-1K is
+3.91. In addition to the difference of charge, the
large difference in mean hydrophobicity (ano-1K8K =
−0.331, ano-1K = −0.239 and ano-1K5V8K = −0.101)
must also account for the activity observed. The
charge difference and its distribution could explain the
difference in activity between these two analogues (see
Figure 3).
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Figure 3 Helical wheel of ano-1K, ano-1K5V8K and ano-1K8K.

Hemolytic Studies

As previously described, anoplin was found not to
be hemolytic. The hemolysis results for the Ala-scan
demonstrated a similar tendency except for instances
where polar groups were replaced by Ala-residues.
Peptides, ano-A5, ano-A7 and ano-A8 (replacement
of Arg5, Lys7, or Thr8 with Ala) resulted in 50%
hemolysis at 161 µg/ml, 132 µg/ml and 97 µg/ml
peptide, respectively. As a generalized observation,
increased hydrophobicity and in this case reduced
positive charge, reduces the selectivity of antimicrobial
peptides for negatively charged bacterial membranes
(PG/PE) over the more neutral (zwitterionic) human
erythrocytes (PC/SM/cholesterol) [19,41]. Truncated
analogues from either the N-terminus or the C-
terminus demonstrated no hemolytic activity. Clearly
the truncated analogues resulted in overall decreased
hydrophobicities and hence selectivity for negatively
charged membranes. For this antibacterial peptide at
least, a minimum requirement of 10 amino acids is
necessary for both antibacterial and hemolytic activity.
Substitution of Arg5 by hydrophobic amino acids (Val,
Leu, Ile, Phe or Trp) resulted in significant hemolytic
activity, from 7–77 µg/ml while substitution by polar
groups (Asn or Lys) at this position resulted in the
complete loss of hemolytic activity. A similar pattern
was observed for substitutions of Thr8 with the same
amino acid substitutions. When overall charge is
increased by substitution with a positively charged
amino acid (Lys or Arg), hemolysis was generally
reduced.

The general tendency observed is for very active
analogues against Gram-positive and Gram-negative
bacteria with large mean hydrophobicities to be also
hemolytic, while ineffective antimicrobial peptides with
low mean hydrophobicities are not hemolytic [42]. The
exceptions are ano-8K, ano-1K5F and ano-1K5V8K, all
of which have low MIC values, low hemolytic activity
and relatively low mean hydrophobicities.

CD Measurements

The CD spectra of selected anoplin analogues were
recorded (data not shown). Anoplin itself and all the
analogues examined showed 55%–77% α-helix content

Table 6 Percent Helicity of Repre-
sentative Peptides

Peptide Helicity (%)

Anoplin 77
ano-A5 72
ano-A7 72
ano-A8 74
ano-5V 72
ano-5W 62
ano-5K 65
ano-8V 55
ano-8N 63
ano-5V8V 70

(see Table 6) in 50% TFE, but all of them were random-
coiled in buffer solution, in agreement with previous
reports [43]. The more hydrophobic analogues ano-
A5, ano-A7, ano-A8 had almost identical CD spectra
and similar α-helix content (72%, 72% and 74%,
respectively) [44,45]. Attempts to correlate CD spectra
with various properties (RT, MIC, mean hydrophobicity
and mean hydropathic moment) of the analogues were
inconclusive.

CONCLUSION

The structure-activity relationship study of the small
antimicrobial decapeptide amide anoplin presented
here reveals several interesting results. Firstly, C-
and N-terminus truncations indicated that in order to
display antibacterial activity towards E. coli or S. aureus
the full decapeptide is required. Secondly, standard
alanine-positional scanning showed restrictions on 6
out of the 10 residues, and improved MIC values for
the remaining four residues. A series of analogues
of peptides ano-A5 and ano-A8 in which Ala was
replaced by Val, Leu, Ile, Phe, Asn, Trp or Lys displayed
better MIC activities against E. coli and S. aureus
than anoplin (except for ano-5N and ano-8V). Thirdly,
there was a definite trend observed when analogues
were grouped according to mean hydrophobicity.
Generally, an anoplin analogue with a high MIC value
will also have high hemolytic activity, and a low
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mean hydrophobicity. On the other hand, an anoplin
analogue with a low MIC value will have high hemolytic
activity, and a high mean hydrophobicity (notable
exceptions were ano-8K, ano-1K5F and ano-1K5V8K).
Fourthly, replacing a single amino acid may in some
cases abolish or reverse selectivity between E. coli and
S. aureus. However, this cannot be explained using
mean hydrophobicity nor mean hydrophobic moment
calculations. Further investigations are needed, such
as interaction with model membranes [46], as well
as ATR-FTIR [47] to determine peptide orientation in
contact with membranes.

In conclusion, the work presented here demonstrates
the power of structure-activity studies of small antibac-
terial peptides and their usefulness as potent candi-
dates in the search for alternative antibacterial agents.
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